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HIGH  VOLTAGE  MEASUREMENTS  AT  NIAGARA 


BY    RALPH    D.    MERSHON 


In  the  autumn  of  1896,  the  writer  of  this  paper  undertook  an 
investigation  of  the  phenomena  existing  when  transmission  line 
conductors  are  subjected  to  high  alternating  voltages.  The  work 
was  carried  on  near  Telluride,  Colorado,  and  extended  over  a 
period  of  about  a  year.  The  results  of  this  work  were  embodied 
in  a  report  made  by  the  writer  in  1897.* 

Through  lack  of  the  necessary  facilities  at  Telluride,  the  work 
was  not  carried  as  far  as  seemed  desirable  and,  after  its  dis- 
continuance, I  looked  forward  to  taking  it  up  again  and 
obtaining  additional  data.  This  opportunity  offered  in  1903, 
and  in  the  autumn  of  1904,  after  the  necessary  apparatus  had 
been  obtained,  the  work  was  resumed  at  Niagara  Falls,  and  the 
observations  carried  on  more  or  less  continuously  until  the 
summer  of  1907. 

In  the  meanwhile.  Professor  Harris  J.  Ryanf  read  before  the 
Institute  his  paper  bearing  on  this  subject  and  embodying  the 
results  of  investigations  made  by  him  of  some  of  the  points  I 
had  intended  to  cover,  and  a  ntmiber  of  others  which  my 
facilities  would  not  admit  of  closely  investigating. 

The  present  paper  has  mainly  to  do  with  the   results  of   the 

♦The  investigation  was  undertaken  for  the  joint  interests  of  the 
Telluride  Power  Transmission  Company  and  the  Westinghouse  Electric 
and  Manufacturing  Company.  Part  of  the  matter  of  the  report  was 
embodied  in  a  paper  read  at  the  Fifteenth  General  Meeting  of  the 
American  Institute  of  Electrical  Engineers,  June  30,  1898,  by  Mr. 
Chas.  F.  Scott,  entitled  *'  High  Voltage  Power  Transmission." 

t  See  paper  entitled  *'  The  Conductivity  of  the  Atmosphere  at  High 
Voltages,"  read  at  the  184th  meeting  of  the  American  Institute  of 
Electrical  Engineers,  Feb.  26,  1904. 
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work  carried  on  at  Niagara  Falls,  but  in  the  treatment  of  these 
results,  the  work  at  Telluride  and  that  of  Professor  Ryan  will 
necessarily  be  referred  to  and  discussed. 

The  work  at  Niagara  was  made  possible,  in  the  first  instance, 
by  the  generosity  of  three  men;  Mr.  J.  E.  Aldred,  Mr.  Frederic 
NichoUs,  and  Mr.  James  Ross.  Later,  further  support  to  the 
work  was  contributed  by  Mr.  George  Westinghouse,  and  by  the 
African  Concessions  Syndicate  of  London.  The  major  portion 
of  the  expenses  of  the  work  at  Niagara  was  defrayed  by  the 
above  contributors. 

I  desire  to  express  my  appreciation  not  only  of,  the  generosity 
of  these  contributors,  but  also  of  the  completeness  with  which 
they  entrusted  the  expenditures  to  my  judgment  and  the  kindly 
patience  with  which  they  have  awaited  results  so  long  deferred 
by  reason  of  the  tedious,  intricate,  and  often  discouraging  nature 
of  the  work.  It  is  to  be  wished  that  engineering  investigation 
might  be  more  encouraged  in  a  like  manner  and  spirit.  I  hope 
the  results  obtained  will  appear  to  justify  the  contributors  in 
this  instance. 

For  convenience  of  treatment,  the  matter  of  this  paper  is 
arranged  under  the  following  heads:  Equipment;  Results  of 
Measurements;  Discussion  of  Results;  R^sum^  and  Conclusions. 

Equipment 

The  line  experimented  upon  at  Niagara  had  a  total  length  of 
2000  feet,  although,  generally,  only  half  its  length  was  used.  It 
was  supported  upon  wooden  poles,  spaced  about  140  feet  apart. 
At  first,  the  line  wires  were  supported  upon  insulators,  but  it 
was  found  that  the  loss  over  the  insulators  was  so  great,  as 
compared  with  the  air  losses,  and  so  variable  that  if  any 
reliable  results  were  to  be  obtained,  it  would  be  necessary  to 
find  some  other  way  of  supporting  the  line  conductors. 
Finally,  the  line  wires  were  suspended  by  means  of  paraffined 
cords  attached  to  the  necks  of  the  insulators.  As  long  as 
these  cords  were  clean,  the  loss  over  them  was  negligible. 
As  soon  as  they  became  dirty,  they  were  replaced  by  clean  cords. 
A  portion  of  the  line  with  the  suspending  cords  is  shown  in  Fig.  1. 
This  line  will  hereafter  be  referred  to  as  the  "  Experimental 
Line  ". 

In  addition  to  the  experimental  line,  use  was  made  of  a  ntun- 
ber  of  cross-arms  equipped  with  pins  and  insulators,  similar  to 
those  used  on  the  experimental  line.      This  miniature  line  had 
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a  total  length  of  only  a  few  feet,  so  that  the  air  loss  between  its 
conductors  was  negligible,  the  loss  upon  it  being  due  to  the 
insulators  only.     This  miniature  line  will  be  designated  here- 
after as  the  "  Dummy  Line  ".     It  is  shown  in  Fig.  2. 
The  following  conductors  were  used. 


Aluminum  Conductors 


Circular  mils 

Ntimber  of 
strands 

Diameter 

one  stiand 

inch 

Outside 

diameter 

inch 

10500 

0.1025 

0.1025 

20740 

0.144 

0.144 

34000 

0.186 

0.186 

51529 

0.227 

0.227 

41800 

19 

0.0469 

0.2345 

42910 

0.0783 

0.2349 

41760 

37 

0.0336 

0.2352 

103850 

0.1219 

0.3657 

208200 

0.1728 

0.5184 

CoppBR  Conductors 


10420 


0.1021 


0.1021 


The  various  types  of  insulators  with  which  experiments  were 
made  are  shown  in  Fig.  3  and  will  be  referred  to  hereafter  by 
the  letters  designating  them  in  the  illustration. 

Two  single-phase,  100,000-volt  transformers  were  used,  each 
having  a  capacity  of  10  kilowatts.  The  endeavor  was  made 
to  have  the  iron  of  these  two  transformers  as  nearly  as  possible 
identical  as  to  loss,  etc.,  for  reasons  which  will  be  apparent  from 
the  description  of  the  method  of  measurement  employed.  The 
two  transformers  were  immersed  in  oil  in  the  same  boiler  iron 
tank.  They  were  of  the  core  type,  and  had  ground  shields 
between  the  high-tension  and  the  low-tension  windings.  The 
windings  had  taps  for  connecting  the  transformers,  when  de- 
sired, for  polyphase  transformation.  The  transformers  had  a 
number  of  special  low-voltage  coils,  the  use  of  which  is  explained 
below. 

The  power  for  the  measurements  was  obtained  from  a  surface- 
wound,  single-phase  alternator  of  the  old  133-cycle  type,  belted 
to  an  induction  motor  and  driven  at  about  one-half  speed. 
This  machine  gave  very  nearly  a  sine  wave  under  almost  all 
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conditions.     The   intention   was   to   run   it   at   60  cycles,   but 
instead  it  was  run  usually  at  about  73  cycles. 

The  wattmeter  made  use  of  was  one  especially  constructed 


Fig.  1 

for  this  purpose.  It  is  shown  in  Fig.  4.  It  consisted  of  the 
regular  Weston  wattmeter  movement  and  shunt  resistance 
enclosed  in  a  suitable  wooden  box,  and  an  external  field  coil 
which  could  be  slid  over  the  wattmeter  movement  or  away  from 
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it,  so  as  to  give  an  instrument  of  considerable  range.  The  field 
coil  was  enclosed  in  a  suitable  wooden  frame.  This  field  coil 
consisted  of  two  identical  windings,  the  wires  being  woimd 
side  by  side,  so  that  the  magnetic  axes  of  the  two  windings 
would  as  nearly  as  possible  coincide.  In  addition  there  was 
supplied  with  the  wattmeter  an  extra  field  coil  exactly  like  the 
one  used  with  the  wattmeter.  This  extra  field  coil  was  used  as 
an  air  transformer,  as  described  later  on. 

The  type  of  barometer,  thermometer,  and  sling  psychrometer 
recommended  by  the  United  States  Weather  Bureau  for  the 
measurements  of  barometric  pressure,  temperature,  and  relative 


Fig.  2 

himiidity,  respectively,  were  made  use  of  in  observing  the 
corresponding  weather  quantities. 

In  addition  the  various  necessary  voltmeters,  ammeters,  etc., 
as  indicated  in  Fig.  5  were  employed.  One  of  the  ammeters 
was  used  in  the  high-tension  circuit.  It  was  mounted  on  an 
insulator  and  its  movement  was  shielded  from  electrostatic 
action  by  a  tin-foil  shield  inside  the  case  and  attached  to  one 
terminal. 

In  addition  to  the  above  apparatus,  we  had  for  a  while,  the 
use  of  an  oscillograph.  Voltage  curves  were  obtained  by 
connecting  the  oscillograph  to  the  D  test  coil  in  place  of  the 
voltmeter  of  Fig.  5. 
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The  apparatus  was  all  housed  in  a  cheap  building  of  corru- 
gated iron,  the  outside  of  which  is  shown  in  Fig.  2. 

The  method  of  measurement  employed  was  that  devised  by 
me  and  used  at  Telluride.  In  it  the  iron-loss  of  one  transformer 
is  balanced  against  the  iron-loss  of  both  transformers  in  such  a 
manner  that  no  iron-loss  reading  appears  on  the  wattmeter, 
with  the  result  that  the  wattmeter  records  only  the  losses  in  the 
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high-voltage  circuit  of  the  transformer  feeding  the  line.  By 
this  method  of  measurement  the  only  correction  which  it  is 
necessary  to  make  in  the  wattmeter  reading  is  to  subtract  from 
such  reading  the  P  R  loss  in  the  high-tension  coil  of  the  trans- 
former feeding  the  line. 

The  diagram  of  connections  is  shown  in  Fig.  5.     One  of  the 
transformers,  designated  as  the  *'  Power  Transformer  **  is  used  to 
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feed  the  line  in  the  usual  way;  the  other,  designated  as  the 
•'Balancing  Transformer"  is  idle  except  as  to  its  use  for  balancing 
purposes.  As  will  be  seen  from  the  diagram  each  transformer  has, 
in  addition  to  its  regular  low-tension  and  high-tension  windings, 
two  auxiliary  coils,  designated  as  C  test  coil  and  D  test  coil ;  from 
the  D  test  coil  are  brought  off  a  number  of  leads.  The  voltmeter 
and  the  voltage  circuit  of  the  wattmeter  are  connected  to  the 
leads  of  the  D  test  coil  of  the  power  transformer.  The  D  test 
coil  is  so  located  as  to  give,  as  nearly  as  possible,  a  voltage  read- 
ing which  will  be  always  proportional  to  the  voltage  across  the 
high  voltage  terminals.  In  the  case  of  the  balancing  transformer, 
the  D  test  coil  is  idle.     The  C  test  coils  of  the  two  transformers 


Fig.  4 

are  connected  in  series  with  a  small  auto  transfonner  between 
them.  With  this  method  of  connection,  it  will  be  apparent  that, 
provided  the  auto-transformer  does  not  have  an  appreciable  vol- 
tage across  its  terminals,  the  magnetization  wave  of  the  balancing 
transformer  will,  if  the  iron  of  the  two  transformers  is  the  same,  be 
exactly  identical  with  the  magnetization  wave  of  the  power 
transformer;  for,  since  the  C  test  coil  of  both  of  the  trans- 
formers is  close  to  the  iron,  the  voltage  induced  in  the  C  test 
coil  of  the  power  transformer  will  be  one  dependent  only  upon 
the  flux  wave  in  the  iron  of  this  transformer,  and  will  be  inde- 
pendent of  any  reactions  which  there  may  be  in  any  of  the  wind- 
ings of  the  transformer.     The  result  is  that  the  C  test  coil  of  the 
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balancing  transformer  has  impressed  upon  it  a  voltage  exactly 
corresponding  to  the  iron  flux  wave  of  the  power  transformer, 
and  this  condition  will  hold,  no  matter  what  load  be  put  upon  the 
power  transformer.  This  being  the  case,  it  i^  evident  that  the 
current  flowing  in  the  circuit  made  up  of  the  two  C  test  coils 
and  the  auto  transformer  is  proportional  to  and  in  step  with 
that  component  of  the  main  current,  i.e.^  the  current  supplied 
by  the  generator  to  the  low  voltage  terminals  of  the  power 
transformer,  which  corresponds  to  the  iron  loss  of  both  trans- 
formers. Hence  any  current  taken  off  of  the  auto  transformer 
will  be  proportional  to  and  in  step  with  this  iron  loss  compon- 
ent; and  the  value  Oi  the  current  in  the  secondary  circuit  of  the 
auto  transformer  relative  to  the  iron-loss  component  of  the  main 
current  will  depend  upon  the  ratio  of  transformation  employed 
in  the  auto-transformer,  which  ratio  will  hold  through  all  ranges 
of  voltage  and  all  conditions  of  load  on  the  power  transformer. 

As  has  been  previously  explained,  and  as  is  shown  in  the 
diagram,  the  field  coil  of  the  wattmeter  is  double.  Through 
one  of  the  windings  of  the  wattmeter  field  coil  and  through  one 
of  the  windings  of  the  other  coil  mentioned  above  and  designated 
in  Fig.  5  as  the  **  Air  Transformer  ",  passes  the  main  current 
to  the  low  voltage  winding  of  the  power  transformer.  The  other 
two  windings,  or  secondaries,  of  the  wattmeter  field  coil  and 
the  air  transformer  respectively,  are  connected  in  series,  but  in 
the  reverse  sense,  so  that  the  equal  voltages  induced  in  them 
oppose  and  neutralize  each  other.  If  the  air  transformer  were 
not  used,  the  voltage  of  the  secondary  of  the  wattmeter  field 
coil  would  disturb  the  adjustment  of  the  circuit  including  it. 
The  circuit  including  the  secondaries  of  these  two  coils  is  con- 
nected to  the  auto  transformer  previously  mentioned  in  such  a 
way  axid  with  such  a  ratio  that  there  will  pass  through  this 
circuit  a  current  of  sufficient  magnitude  and  in  such  a  direction 
as  to  neutralize  in  the  wattmeter  field  coil  that  component  of 
the  main  current  fed  to  the  power  transformer  which  accounts  for 
the  iron  loss  in  both  transformers.  It  will  be  evident  that  by 
careful  adjustment,  not  only  may  the  wattmeter  be  made  to 
read  zero  when  there  is  no  power  delivered  to  the  line  from  the 
power  transformer,  but  also  that  it  may  be  made  to  give  no 
indication  of  the  iron  loss  in  the  power  transformer  when  the 
transformer  is  delivering  power. 

The  other  instruments  and  connections  of  Fig.  5  sufficiently 
explain  themselves.  The  balancing  transformer  need  not  nec- 
essarily be  a  transformer,  but  may  be  a  reactance,  the  iron  of 
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which  has  the  same  characteristics  as  that  of  the  power  trans- 
former and  which  is  worked  at  the  same  induction  as  the  power 
transformer. 

Results  op  Measurements 

The  endeavor  was  made  to  get  some  sort  of  a  resistance  for 
use  on  100,000  volts,  the  value  of  which  would  remain  practically 
constant,  and  which  would  not  have  a  large  charging  current, 
so  that  by  putting  it  across  the  terminals  of  the  transformer, 
taking  the  wattmeter  reading,  and  at  the  same  time  reading 
in  the  high  voltage  circuit  the  current  taken  by  the  resistance, 
the  wattmeter  reading  might  be  checked  by  calculating  the  C?  R 
loss  in  the  resistance.  We  were  not  successful,  however,  in 
finding  any  resistance  which  would  answer  for  this  purpose,  and 
had  to  be  content  with  the  check  readings  described  below. 

In  order  to  find  out  what  effect,  if  any,  the  charging  current 
of  the  line  would  have  on  this  combination  of  wattmeters  and 
transformers  in  the  matter  of  producing  errors  in  the  reading, 
numerous  sets  of  readings  were  taken  of  which  the  following 
are  fair  samples. 

A  measurement  was  taken  on  the  experimental  line.  (The 
loss  m  this  case  is  accompanied  by  a  large  charging  current.) 
A  reading  was  also  taken  on  the  dummy  line.  (In  this  case 
there  is  practically  no  charging  current.)  Then  a  reading  was 
taken  on  the  experimental  line  and  the  dummy  line  together. 
Assuming  constancy  of  wave  form,  absolute  accuracy  would 
result  in  the  sum  of  the  separate  readings  being  equal  to  the 
reading  taken  on  the  two  lines  together.  The  following  is  a 
typical  set  of  readings,  taken  on  the  dummy  line  and  an 
experimental  line,  consisting  of  42,910  cm.  7-strand*  aluminum 
cable,  spaced  at  55  in. 


Kilovolts 

Exper.  Line 

only  (A) 

watts 

Dummy  Line 

only  (B) 

watts 

Dummy 

and 
Exp.  Line 

{A)  +  {B) 

Error 
watts 

Error 
per  cent. 

80 

138 

54 

2()9 

102 

+  17. 

+8.13 

70 

02 

30 

140 

131 

9. 

+6.43 

60 

64 

25 

07 

89 

8. 

+8.24 

70 

102 

49 

152 

151 

1. 

+0.66 

70 

106 

42 

158 

148 

10. 

+  6.33 

70 

104 

39 

158 
Average  error 

143 

15. 

+  9.5 
+6.55 

♦Throughout  this  paper  the  word  "  strand  "  is  understood  to  mean 
'wire,"  in  accordance  with  common  usage. 
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The  above  is  considered  very  satisfactory.  It  must  be  re- 
membered that  the  readings  on  the  Hne  are  always  more  or  less 
unsteady,  due  to  the  variation  of  line  loss,  especially  if  the 
measurement  is  taken  above  the  critical  point.  This  accounts 
for  the  considerable  variation  in  the  error.  The  average  error, 
however,  can  be  accounted  for  in  another  way.     As  will  be  seen 


EXPERIMENTAL   LINE  AND    DUMMY. 


EXPERIMENTAL   LINE   ONLY. 


DUMMY     ONLY. 


FIC6. 

later,  the  loss  over  the  insulators  is  very  sensitive  to  change  of 
wave  form,  being  greater  for  sharp  wave  forms.  During  the  above 
set  of  measurements,  the  wave  form  was  quite  different  when  the 
experimental  line  was  connected  to  the  transformer  from  what  it 
was  when  the  experimental  line  was  disconnected.  The  oscillo- 
graph curves  in  Fig.  6  (corresponding  to  70  kilovolts)  show  this. 
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The  first  of  them  is  the  wave  form  with  the  experimental  line  and 
dummy  line;  the  second  is  the  wave  form  with  the  experi- 
mental line  only;  the  third  is  the  wave  form  with  the  dummy 
line  only.  There  is  no  difference  between  the  first  and  second 
because  the  wave  form  is  controlled  by  the  charging  current 
and  the  dummy  line  has  no  measurable  charging  current.  As 
will  be  seen,  the  distortion  of  the  third  wave  form  is  in  the 
direction  to  accotmt  for  the  error.  That  is,  the  Wave  form  when 
the  dummy  line  and  experimental  line  are  measured  together 
is  the  same  as  when  the  experimental  line  is  measured  alone, 
and  is  sharper  than  when  the  dummy  line  is  measured  alone. 

Again,  the  experimental  line  was  connected  to  the  power 
transformer,  and  readings  taken  with  the  voltmeter  (see  Fig.  5) 
disconnected  from  the  D  test  coil,  and  with  it  connected  to  the  D 
test  coil.  The  difference  in  the  two  readings  should  be  equal  to  the 
(P  R  loss  of  the  voltmeter  calculated  from  the  reading  of  the  volt- 
meter and  its  known  resistance.  The  following  is  a  set  of  such 
readings  at  a  number  of  voltages.  The  line  used  consisted  of 
51,529  cir.  mil  solid  aliuninum  conductors,  spaced  at  84  in. 


Line 

Watts 

Difference  - 
measured 
V.  M.  loss 

Calculated 

V.M. 

loss 

Error 
watts 

Error 

kUovolts 

V.  M.  on 

V.M.ofl 

per  cent. 

go 

130.5 

121.0 

9.6 

11.6 

+  2.1 

+22.1 

80 

98.5 

89.5 

0.0 

9.1. 

+    .1 

+   1.1 

70 

75.0 

68.5 

6.5 

7.0 

+    .5 

+  7.7 

60 

56.0 

51.0 

5.0 

5.1 

+    .1 

+  2.0 

50 

42.0 

38.0 

4.0 

3.6 
Average  error 

—  .4 

—10.0 
+  4.6 

This  set  of  measurements  was  a  pretty  severe  test  of  the 
method  of  measurement,  and  is  really  unfair  to  it  because  we 
were  here  measuring  by  the  method  of  differences,  a  quantity 
which  is  less  than  10  per  cent,  of  the  two  quantities  involved, 
and  an  error  in  the  two  quantities  measured  of  opposite  sign  and 
of  only  1  per  cent,  would  more  than  account  for  any  of  the  errors 
obtained.  It  would  have  been  much  better  to  have  had  the 
voltmeter  loss  and  the  line  loss  approximately  equal;  the  D 
test  coil  had  not  sufficient  capacity  for  this.  But,  even  leaving 
these  facts  out  of  consideration,  the  result  is  not  bad.  As  in 
the  previous  case,  the  variation  in  the  line  loss  probably  accounts 
for  the  variation  in  the  amounts  of  the  errors,  although  to  a 
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less  extent,  inasmuch  as  the  readings  could  be  taken  with  the 
voltmeter  on  and  off  much  more  quickly  than  the  changes  could 
be  made  in  the  preceding  case.  It  is  to  be  noted  that  whereas 
the  previous  set  of  readings  is  only  a  relative  check,  the  latter 
set  furnishes  not  only  a  relative  but  an  absolute  check  on  the 
accuracy  of  the  method  of  measurement,  since  the  loss  in  the 
voltmeter  was  accurately  known. 

It  may  be  added  here  that  at  Telluride,  where  a  wire  wound 
resistance  of  1,000,000  ohms  was  available,  check  readings  taken 
by  means  of  it  on  the  same  method  of  measurement  (but  with 
different  apparatus)  gave  very  close  results. 

It  is  believed  that  this  method  of  measurement  may  be  made 
as  accurate  as  is  desired  by  taking  the  proper  precautions,  and 
that  the  particular  apparatus  used  in  these  measurements  was 
capable  of  giving  results  certainly  within  two  or  three  per  cent., 
and  perhaps  closer  under  favorable  conditions. 

This  method  of  measurement  offers  a  means  of  accurately 
measuring  losses  in  a  high  voltage  circuit  by  means  of  instruments 
in  the  lov/  voltage  circuit,  thus  eliminating  the  possibilities  of 
danger,  and  of  error  due  to  electrostatic  effects,  when  instru- 
ments are  used  in  the  high  voltage  circuit. 

It  should  be  borne  in  mind  that  in  the  line  measurements  the 
loss  is  accompanied  by  a  very  large  charging  current;  for  instance, 
in  the  case  of  the  60,000-volt  reading  of  the  first  set  of  readings, 
the  line  current  was  0.038  amperes,  corresponding  to  2280  ap- 
parent watts,  whereas  the  loss  was  only  64  watts,  so  that  the 
power  factor  was  only  0.028. 

Readings  were  also  taken  to  check  up  the  accuracy  of 
voltage  measurements  obtained  by  a  voltmeter  connected  to  the 
D  test  coil  of  the  power  transformer  (Fig.  5).  These  check 
readings  were  made  by  simultaneously  reading  a  voltmeter 
connected  as  described  and  a  voltmeter  connected  to  the  other 
transformer  used  as  a  voltmeter  transformer  with  its  high 
voltage  terminals  connected  across  the  terminals  of  the  power 
transformer.  These  readings  show  that  the  reading  obtained 
from  the  voltmeter  connected  to  the  D  test  coil  of  the  power 
transformer  was  practically  identical  with  that  obtained  from  the 
voltmeter  transformer  whether  a  line  was  connected  to  the 
power  transformer  or  not. 

As  an  example  of  the  advantage  of  taking  loss  measurements 
by  the  method  used  instead  of  by  reading  power  to  the  trans- 
former with  the  line  on,  power  to  the  transformer  without  the 
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line,  and  taking  the  difference  in  the  readings;  and  also  to  illus- 
trate the  efficacy  of  the  air  transformer,  the  three  curves  shown 
in  Fig.  7  were  obtained.  One  of  these  shows  the  result  obtained 
by  the  subtraction  method;  one  by  the  balancing  method  with- 
out the  air  transformer;  and  one  by  the  method  employed  in 
this  work.  The  errors  in  measurement  obtained  by  the  sub- 
traction method  are  due  not  only  to  the  fact  that  a  difference 
is  being  measured  and  therefore  the  errors  in  the  two  measure- 
ments subtracted  may  be  superposed,  resulting  in  a  considerable 
percentage  of  error  in  the  quantity  measured,  but  also  to  the 
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fact  that  the  charging  current  of  the  line  produces  more  or  less 
distortion  in  wave  form,  so  that  the  wave  form  impressed  upon 
the  iron  of  the  transformer  when  it  is  feeding  the  line  is  different 
from  that  when  the  line  is  disconnected.  The  result  is  that 
the  iron  loss  on  open  circuit  is  not  the  same  as  the  iron  loss  when 
the  transformer  is  delivering  current  to  the  line,  which  greatly 
increases  the  subtraction  error. 

As  has  been  mentioned  previously,  the  measurements  on  the 
experimental  line  were  at  first  made  with  the  line  supported 
on  insulators.     Measurements  were  taken  in  quick  succession 
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upon  the  dummy  line  and  upon  the  experimental  line.  By 
subtracting  the  loss  over  the  insulators  on  the  dummy  line 
from  the  total  loss  on  the  experimental  line,  a  curve  was  ob- 
tained which,  presumably,  represented  the  atmospheric  loss. 
This  method  of  procedure  was  followed  for  sometime  with  appar- 
ently concordant  results,  but  after  a  while  very  considerable 
discrepancies  began  to  develop,  and  it  was  found  that  on  differ- 
ent days  widely  differing  results  would  be  obtained.  Finally, 
after  a  great  deal  of  work,  we  concluded  this  was  due  to  the 
variation  in  the  losses  over  the  insulators,  brought  about  by 
varjring  weather  conditions,  and  an  endeavor  was  made  to  find 
some  way  of  eliminating  the  insulator  loss  altogether.  This 
was  finally  accomplished  by  suspending  the  line  conductors 
from  cords,  the  cords  being  attached  to  the  insulators,  which 
was  found  to  be  effective,  so  long  as  the  cords  remained  dry  and 
clean.  The  course  finally  adopted  was  that  of  using  ordinary 
window  cord  boiled  in  paraflSn  for  a  few  minutes,  as  the  satura- 
tion with  paraffin  made  the  cord  less  liable  to  absorb  moisture. 
The  cords  were  frequently  tested  by  placing  them  all  in  parallel 
across  100,000  volts  (twice  the  voltage  which  they  would  ordi- 
narily have,  since  on  the  line  two  of  them  would  be  in  series) 
and  measuring  the  loss  upon  them.  If  they  were  in  good  con- 
dition, the  loss  would  not  be  more  than  three  or  four  watts.  If 
they  were  not  in  good  condition,  they  would  show  a  larger  loss 
which  would  rapidly  increase  imtil  they  began  to  burn.  Defec- 
tive cords  were  always  thrown  away  and  replaced  by  new  ones, 
with  the  result  that  the  losses  due  to  the  cords  were  kept  so  low 
as  to  be  altogether  negligible. 

The  measurements  with  the  line  supported  on  insulators 
were  carried  on  for  about  eight  months  before  the  discrepancies 
due  to  insulator  losses  became  evident.  The  results  obtained 
during  this  period  were  worthless  and  had  to  be  discarded.  The 
length  of  time  which  it  took  to  discover  these  discrepancies  and 
their  cause  was  due,  first,  to  the  fact  that  so  long  as  there 
were  no  considerable  variations  in  weather  conditions,  the  dis- 
crepancies were  small  and,  secondly,  because  as  the  result  of  the 
work  at  Telluride  and  that  done  by  Professor  Ryan,  it  was 
thought  that  weather  conditions,  except  precipitation,  would 
make  no  difference  in  loss  whether  between  line  conductors, 
or  over  insulators,  provided  the  voltage  were  left  long  enough 
on  the  line  to  bring  the  insulator  loss  to  a  steady  condition. 

As  soon  as  the  difficulty  arising  from  the  insulator  loss  had 
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been  eliminated,  results  began  to  be  obtained  which  were  more 
consistent,  and  it  developed  that,  whereas,  the  work  at  Telluride 
seemed  to  show  that  weather  conditions,  except  precipitation, 
would  produce  no  difference  in  the  loss,  the  weather  conditions 
had,  on  the  contrary,  a  great  effect  upon  the  loss.  At  first  this 
result  seemed  to  discredit  either  the  measurements  at  Telluride 
or  those  at  Niagara ;  but,  when  fuller  data  had  been  obtained  at 
Niagara  Falls,  it  was  found,  as  explained  later  on,  that  the  two 
results  were  perfectly  concordant.  An  immense  number  of 
readings  were  taken  on  different  size  conductors  at  different 
spacings  under  various  weather  conditions.  It  was  fotmd  that 
the  losses  varied  considerably,  but  they  seemed  to  be  more 
affected  by  humidity  conditions  than  anything  else.  Such  varia- 
tions in  loss  as  there  may  have  been,  due  to  variations  in  baro- 
metric pressure,  were  not  apparent.  If  they  existed,  they  were 
masked  by  the  variations  due  to  humidity  conditions.  The 
variations  in  barometric  pressure  were  small. 

An  endeavor  was  made  to  connect  the  loss  and  its  variation 
directly  with  the  relative  humidity,  but  when  the  loss  was 
plotted  against  the  relative  humidity  it  was  not  apparent 
that  there  was  any  definite  law  connecting  them.  A  similar 
negative  result  was  obtained  by  plotting  loss  against  absolute 
humidity.  The  losses  were  then  plotted  against  each  of  the 
various  elements  having  to  do  with  moisture  in  the  atmosphere 
and  also  against  combinations  of  these  elements,  with  the  idea 
of  discovering  whether  any  simple  relation  could  be  found.  As 
the  result  of  these  trials  it  was  found  that  if  the  loss  were  plotted 
against  the  product  of  vapor  pressure  by  relative  humidity, 
what  appeared  to  be  a  definite  relation  was  obtained.  All  the 
readings  were  then  plotted  in  this  way,  and  curves  obtained  for 
different  size  conductors  and  different  distances  between  them. 
For  convenience  in  reference,  the  product  of  the  vapor  pressure 
by  relative  humidity  will  be  referred  to  as  the  "  vapor  product  *'. 

In  order  to  give  an  idea  of  the  closeness  with  which  the  results 
followed  the  relation  found,  two  of  the  many  target  diagrams 
from  which  the  relation  was  obtained  are  shown  in  Figs.  8  and  9. 
It  will  be  noted  that  in  some  cases  the  points  lie  quite  close  to 
the  curve  showing,  apparently,  a  well  defined  law.  In  others, 
the  points  are  more  erratic.  This  is  especially  true  for  points 
obtained  above  the  critical  point  or  bend  in  the  curve  connect- 
ing loss  and  voltage  (see  Figs.  10  to  15  showing  loss-voltage 
curves)  because  above  the  critical  point,  the  loss  is  especially 
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sensitive  to  any  change  in  the  conditions  affecting  it.  The  erratic 
points  were  almost  always  obtained  either  when  there  was  a 
considerable  amount  of  smoke  apparent  near  the  experimental 
line  or  when  the  air  temperature  was  within  a  few  degrees  of 
the  dew  point,  or  when  both  conditions  obtained.  As  both  these 
conditions  are  unusual  ones,  the  points  far  from  the  curve  were 
given  less  weight  in  locating  the  curve.  It  will  be  noted  also 
that  for  high  values  of  vapor  product  the  points  are  few  and 
somewhat  wavering.  This  part  of  the  curve  is  not  well  located 
by  reason  of  the  fact  that  the  vapor  product  seldom  rose  above 
0.50,  and  usually  was  much  below  this  value,  so  that  few  oppor- 
tunities offered  for  measurements  at  high  values  of  vapor 
product.  In  fact,  the  average  vapor  product  for  Niagara  Falls 
seems  to  be  about  0.20. 

There  was  another  condition  which  tended  to  introduce  an 
error  in  the  points  of  these  curves.  The  humidity  measurements 
were  made  near  the  ground  and  at  only  one  point  in  the  line; 
that  is,  at  one  end.  They  did  not,  therefore,  necessarily  repre- 
sent the  average  condition  of  the  whole  line.  It  would  have  been 
better  if  humidity  measurements  had  been  taken  simultaneously 
at  two  or  more  points  along  the  line  and  near  to  the  conductors, 
but  our  facilities  would  not  admit  of  this  without  unduly  pro- 
longing the  time  and  expense  of  the  work. 

Vapor  product  as  made  use  of  herein  is  the  value  obtained 
by  multiplying  together  the  vapor  pressure  (in  inches  of  mercury) 
and  the  fraction  representing  the  relative  humidity  (ratio  of 
the  vapor  pressure  at  the  existing  temperature  to  the  pressure 
of  saturation  at  the  same  temperature). 

In  the  other  figures  showing  the  relation  between  loss  and 
vapor  products,  the  points  themselves  have  been  omitted. 

In  general,  throughout  this  paper,  the  points  representing 
the  actual  readings  are  omitted,  except  in  cases  where  it  is 
thought  advisable  to  show  the  points  in  order  to  give  an  idea 
as  to  the  accuracy  of  measurements. 

Unless  otherwise  stated,  all  values  of  voltage  referred  to 
herein  are  effective,  or  square  root  of  mean  square,  values. 

This  relation  between  loss  and  vapor  product  is  made  use  of 
to  reduce  to  the  same  basis  all  the  loss  curves  not  taken  tmder 
identical  weather  conditions  and  between  which  comparison  is 
desirable.  The  value  0.20  was  decided  upon  as  being  as  nearly 
as  could  be  judged  the  average  value  of  vapor  product  which 
obtained   at   Niagara   Falls,   and   the  curves  for  comparison, 
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except  such  as  were  taken  under  identical  atmospheric  condi- 
tions (in  which  case,  in  general,  no  correction  is  made)  have  been 
corrected  to  correspond  to  that  value.  On  each  of  the  curve 
sheets  is  noted  either  the  fact  that  it  has  been  so  corrected,  or 
else  the  atmospheric  conditions  under  which  the  curves  were 
actually  taken. 

As  an  example  of  the  closeness  with  which  the  points  fall  upon 
the  curves  connecting  loss  and  voltage,  reference  may  be  made 
to  Figs.  14  and  22. 

Figs.  10,  11,  12,  13,  14  and  15  are  curves  showing  for  different 
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sizes  of  conductors,  the  variation  in  loss  as  the  distance  between 
the  conductors  is  varied.  In  Fig.  14  is  also  shown  the  charging 
current  for  the  103,850  cir.  mil  conductor  at  the  various  dis- 
tances. 

Fig.  16, 17  and  18  are  curves  showing  the  losses  for  different 
conductors  at  the  same  distances. 

Figs.  19,  20  and  21  show  the  losses  for  conductors  having  ap- 
proximately the  same  area  of  cross-section,  but  different 
strandings. 

Fig.  22  shows  the  loss  in  conductors  at  different  distances  from 
the  ground. 
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Figs.  23  and  24  show  the  variation  in  loss  with  frequency. 
These  curves  are  probably  in  error,  as  will  be  pointed  out  later 
on.  The  oscillograph  curves  in  Fig.  25  show  the  voltage  waves 
at  the  corresponding  points  marked  X  in  Pig.  23. 

Fig.  26  and  27  show  the  difference  in  loss  between  hard  and 
soft  aluminum  and  between  soft  aluminum  and  hard  copper. 

Measurements  on  soft  aluminum  cable,  weathered  and  un- 
weathered,  showed  the  loss  to  be  practically  the  same  in  both 
cases. 

In  addition  to  the  measurements  which  were  taken  bearing 
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on  the  loss  between  line  wires,  an  extended  study  was  made  on 
insulators.  It  was  foimd  that  the  loss  over  the  insulators 
varied  with  the  weather  conditions  in  the  same  way  as  the  loss 
between  the  line  conductors,  namely,  that  there  seemed  to  be  a 
relation  between  the  loss  and  the  vapor  product.  In  the  case 
of  the  insulators,  however,  the  measurements  coincided  much 
more  closely  with  the  line  embodying  the  law  of  variation, 
probably  due  to  the  fact  that,  the  insulators  being  tested  near 
the  grotmd,  there  was  less  chance  for  smoke  in  the  air  to  affect 
them  than  in  the  case  of  the  cables  some  distance  above  the 
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ground.  This  was  also  due  possibly  to  the  fact  that  the  humidity 
measurements  were  made  beside  the  insulatois,  whereas,  as 
previously  mentioned,  the  humidity  measurements  for  the  line 
were  made  only  at  one  end  of  the  line  and  near  the  ground 
instead  of  near  the  line  cables.  When  voltage  was  first  applied 
to  the  insulatcrSy  th3  loss  was  irregular  and  it  was  necessary  to 
keep  voltage  impressed  upon  them  for  sometime  until  the  loss 
steadied  down  and  an  accurate  reading  could  be  taken.  The 
readings  were  all  taken  on  five  insulators  in  parallel,  the  voltage 
being  applied  between  the  necks  of  the  insulators  and  the  metal 
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pins,  although  the  curves  are  plotted  for  the  loss  over  a  single 
insulator.  The  curves  connecting  loss  over  insulators  and 
vapor  product  are  not  carried  above  a  value  of  the  latter 
quantity  equal  to  0.20  for  the  reason  that  readings  could 
not  be  obtained  above  this  point  without  the  expenditure  of 
a  great  deal  of  time. 

Figs.  28  and  29  show  for  the  various  insulators,  A,  B,  and  C, 
the  relation  between  the  loss  and  the  vapor  product.  Fig.  28 
is  a  target  diagram  showing  all  the  points  on  the  curves.  In 
Fig.  29,  the  points  have  been  omitted.     The  insulators  are 
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designated  by  letters  which  correspond  to  those  of  the  dimen- 
sion photographs  of  the  insulators  previously  given  in  Pig.  3. 

The  losses  over  insulators  of  different  sizes  were  quite  different, 
as  is  shown  by  Fig.  30.  These  go  only  to  50  kilovolts  as  it  was 
not  safe  to  go  higher  on  the  smaller  insulators. 

Fig.  31  shows  the  loss  over  the  larger  insulators,  up  to  100 
k'lovolts,  when  there  was  fog  and  drizzling  rain,  as  compared 
with  the  loss  under  ordinary  conditions. 

Fig.  32  shows  the  loss  over  an  insulator  with  a  metal  pin, 
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over  the  same  insulator  with  a  metal  pin  and  a  metal  plate  in 
contact  with  the  lower  petticoat  of  the  insulator,  and  over  the 
insulator  with  the  metal  plate  but  without  the  pin,  the  various 
arrangements  of  the  insulator  being  shown  in  Fig.  33.  It  will 
be  noted  from  these  loss  curves  that  while  the  losses  over  the 
insulator  with  the  metal  pin  only  and  with  the  metal  pin  and 
plate  were  the  same,  the  loss  over  the  insulator  with  the  metal 
plate  only  was  considerably  less  than  in  the  other  two  cases. 
This  curve  was  taken  as  having  a  bearing  on  the  loss  over 
different  size  insulators,  as  will  be  explained  later. 
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Fig.  34  shows  the  variation  in  loss  over  insulators  as  the  fre- 
quency was  varied,  but,  as  in  the  case  of  the  corresponding 
curves  for  the  line  conductors,  this  curve  is  open  to  question  as 
will  be  explained  later.  The  oscillograph  curves  in  Fig.  35 
show  the  voltage  waves  of  the  corresponding  points,  marked  X, 
of  Fig.  34. 

Fig.  36  shows  the  loss  obtained  on  insulators  with  metal  and 
wooden  pins.  It  will  be  noted  in  this  case  that  the  loss  with 
the  wooden  pin  was  greater.  In  order  to  demonstrate  whether 
an  explanation  hit  upon  for  this  fact  was  correct,  one  of  the 
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insulators,  J?,  was  mounted  upon  a  curtain  rod,  which  served  as 
a  long  wooden  pin,  and  the  loss  measured  over  the  insulator 
with  different  lengths  of  pin  by  placing  the  lower  terminal  on 
the  curtain  rod  at  different  distances  from  the  bottom  petticoat 
of  the  insulator.  Under  these  conditions,  with  the  rod  wet, 
the  curves  of  Fig.  37  were  obtained.  It  was  necessary  to  wet 
the  wooden  pin  for  the  reason  that  when  it  was  dry,  the  point 
of  maximum  loss  fell  inside  the  insulator,  so  that  the  loss  curve, 
instead  of  beginning  at  a  comparatively  low  value  and  rising 
to  a  maximum  and  then  falling  off  again,  continually  fell  off 
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An  explanation  of  this 


as  the  length  of  the  pin  was  increased, 
will  be  given  later. 

An  endeavor  was  made  to  measure  the  loss  over  insulators 
when  it  was  raining,  but  the  loss  was  so  variable,  due  to  varia- 
tion in  the  rate  of  precipitation  and  gusts  of  wind,  that  no 


99«o  (see  nc.£3)    ^ 
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satisfactory  curve  could  be  obtained.  It  was  determined, 
however,  that  the  loss  with  a  hard  rain  was  less  than  in  the 
case  of  fog  and  drizzling  rain,  the  curve  for  which  is  shown  in 
Fig.  31.  The  loss  over  insulators  with  hoar  frost  upon  them 
was  also  less  than  with  fog. 

Tests  were  made  on  an  insulator  with  increasing  and  decreas- 
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ing  voltage  to  see  whether  or  not  this  made  any  difference  in  the 
loss  obtained.  It  was  found  that  if  a  high  voltage  were  first 
applied  to  the  insulator  there  was  no  difference  in  the  loss  curve 
with  ascending  and  descending  voltage. 

Measurements  were  made  on  a  set  of  insulators,  the  metal 
pins  of  which  were  not  cemented  in  the  insulators,  and  on  another 
set,  the  metal  pins  of  which  were  cemented,  to  see  if  any  difference 
would  be  found.  As  long  as  the  cement  was  wet,  there  was  a 
difference,  but  after  the  cement  had  set  and  become  dry,  there 
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100 


was  no  difference.     This  being  the  case,  all  the  subsequent  tests 
were  made  with  the  pins  uncemented. 

A  number  of  readings  were  taken  on  broken  insulators.  These 
readings  were  taken  by  first  obtaining  a  loss  reading  on  the 
insulator  intact,  and  then  gradually  breaking  the  petticoats 
off,  beginning  with  the  inner  one.  The  loss  had  not  materially 
changed  with  the  two  inner  petticoats  broken  away,  and  the 
upper  petticoat  still  intact,  but  immediately  ran  up  when  the 
upper  petticoat  was  broken.  These  measurements  were  all 
made  on  dry  insulators. 


Digitized  by  VjOOQIC 


876 


MERSHO^r:  HIGH  VOLTAGE  TESTS 


Qune  30 


Discussion  op  Results 
At  Telluride,  the  measurements  were  all  taken  on  lines  carried 
upon  insulators;  measurements  were  also  made  on  a  dummy 
line  having  the  same  ntunber  of  insulators  and  cross-arms  as 
the  main  line,  and  the  atmospheric  losses  arrived  at  by  subtrac- 
tion. By  this  method  concordant  results  were  obtained,  al- 
though such  method  of  measurement  did  not  produce  satis- 
factory results  at  Niagara.  The  probable  reason  for  this  will 
be  explained  later  on.  The  Telluride  results  apparently  demon- 
strated certain  facts  and  justified  certain  conclusions  which  were 
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brought  out  in  my  report  on  the  Telluride  work.  As  the  result 
of  the  Niagara  work,  some  of  these  conclusions  have  had  to  be 
abandoned.  In  order  properly  to  discuss  the  subject,  it  is 
thought  advisable  to  enumerate  here  the  conclusions  arrived  at 
as  the  result  of  the  Telluride  work.     They  are  as  follows: 

(a.)  That  there  is  a  certain  critical  point  in  the  curve  connect *ng 
loss  and  voltage  at  which  the  loss  begins  to  increase  very  rapidly. 

(&.)  That  the  loss  below  the  critical  point  is  made  up  entirely 
of  loss  over  the  insulators;  and  that  the  loss  above  the  critical 
point  is  made  up  of  insulator  loss  plus  a  loss  through  the  at- 
mosphere. 
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(c.)  That  the  critical  point  depends  upon  the  maximum  value 
of  the  electromotive  force  wave  and  the  distance  between  con- 
ductors. (Facilities  were  lacking  for  measurements  on  different 
sizes  of  conductors.) 

(cf.)  That  the  critical  point,  and  therefore,  the  beginning  of 
atmospheric  loss  coincides  with  the  voltage  at  which  luminosity 
and  hissing  (also  probably  the  formation  of  atmospheric  chemical 
products)  begin,  and  to  a  partial  breakdown  of  the  dielectric* 

(e.)  That  under  conditions  which  obtained  at  Telluride,  weather 
conditions  made  no  difference  in  the  loss  or  the  critical  point, 
except  when  there  was  actual  precipitation. 
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(/.)  That  it  seemed  probable  in  view  of  {e)  and  of  the  range 
of  weather  conditions  observed  at  Telluride,  that  weather  con- 
ditions (except  precipitation)  would  not  affect  loss  or  critical 
point,  except  perhaps  in  case  of  dense  fog,  or  a  considerable 
amount  of  foreign  matter  in  the  atmosphere. 

(g.)  That  the  critical  point  is  at  a  lower  voltage  with  a  rough- 
ened conductor  than  with  a  smooth  conductor. 

♦Professor  Ryan  gives  Mr.  Scott  credit  for  this  observation,  but  it  was 
first  brought  out  in  my  TeUuride  report,  as  reference  to  Mr.  Scott's 
paper  mU  show. 
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{k.)  Measurements  taken  at  different  frequencies  showed  that 
the  losses  were  lower  and  the  critical  point  higher  at  the  lower 
frequencies,  but  these  results  were  viewed  with  suspicion  for  a 


na.83« 


number  of  reasons,  amongst  which  was  the  fact  that  at  the 
lower  frequency  the  wave-form  became  distorted  (flattened)  in 
a  manner  to  account  for  part,  if  not  all,  of  the  decrease  in  loss. 
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Professor  Ryan's  results,  obtained  subsequently,  confirmed 
W»  W,  W,  and  (i).  They  also  confirmed  if)  so  far  as  it  relates 
to  the  presence  of  water  vapor,  but  not  so  far  as  it  relates  to 
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the  barometric  pressure  and  temperature.  In  addition,  as  the 
result  of  his  measurements,  he  arrived  at  the  following  conclu- 
sions. 

(i.)  That  the  critical  point  depends  upon  the  density  of  the 
atmosphere,  the  critical  voltage  being  greater  as  the  atmospheric 
density  increases,  the  relation  being  a  straight  line  one. 
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(/.)  That  (as  had  been  previously  suspected  but  not  definitely 
known)  the  critical  voltage  depends  upon  the  rate  of  fall  of 
potential,  or  dielectric  stress,  near  the  conductor;  that  is,  for  a 
given  atmospheric  density,  the  partial  or  local  breakdown  of 
the  dielectric  occurs  when  a  certain  local  rate  of  fall  of  potential 
or  dielectric  stress,  has  been  reached. 
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(k.)  That  the  value  of  the  local  rate  of  fall  of  potential  or 
dielectric  stress,  D ',  at  which  the  partial  or  local  breakdown 
occurs,  depends  upon  the  diameter  of  the  conductor  being  con- 
stant for  all  diameters  above  0.25  in.,  and  increasing  as  the 
diameter  of  the  conductor  decreases  below  this  value. 

(/.)  That  the  partial  breakdown  of  the  dielectric  does  not  occur 
at  the  surfaces  of  the  conductors  (the  point  where  presumably 
the  rate  of  fall  of  potential  is  greatest)  but  at  a  small  distance  (d) 
from  the  surface  of  the  conductor  which  distance  depends  upon 
the  diameter  of  the  conductor  being  constant  for  all  diameters 
above  0.25  in.,  but  diminishing  with  the  diameter  of  the  con- 
ductor below  this  value. 

(m.)  Ryan  combined  his  results  in  the  following  formula  for 
determining  the  critical  point: 

E^  -     459^°    X  2055 log..  ^  X  P'X  (r+d)  X  10«» 

where 

Emax  =  maximum  value  of  the  electromotive  force  wave. 
b  =  barometer  in  inches. 
t  =  temperature  in  degrees  fahrenheit. 
5  =  distance  between  centers  of  conductors  in  inches. 
r  =  radius  of  conductors  in  inches. 
D'  =  dielectric    flux   density    (proportional   to    local 
rate  of  fall  of  potential), 
rf  =  a  small  distance  from  the  surface  of  the  conduc- 
tor. 
D'  and  d  are  not  constant.     Their  values  are  given  by 
Fig.  45. 

(w.)  That  the  presence  of  smoke  in  the  atmosphere  causes  a 
loss  at  all  voltages  and  under  conditions  which,  when  the  smoke 
is  not  present,  show  no  loss. 

Items  (a),  (c),  (d),  (e)  and  (g)  of  the  Telluride  results  and  (n) 
of  Ryan's  results  have  all  been  confirmed  by  the  measurements 
at  Niagara. 

The  results  obtained  at  Niagara  do  not,  however,  agree  with  (b). 
As  is  seen  by  reference  to  any  of  the  loss  curves  herein  appljring 
to  the  conductors,  there  is  a  loss  below  the  critical  point  not 
chargeable  to  the  insulators.  This  non-agreement  may  be 
accounted  for  in  either  or  both  of  two  ways.  In  the  first  place, 
there  was  more  or  less  smoke  and  dust  in  the  atmosphere  at 
Niagara,  whereas  the  atmosphere  at  Telluride  was  probably  as 
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nearly  absolutely  free  from  floating  particles  as  is  possible  under 
natural  conditions.  In  the  next  place,  the  humidity  conditions 
at  TeUuride  were  such  as  to  make  the  losses  due  to  them  very 
low  mdeed.  It  follows,  therefore,  that  the  conditions  at  TeUuride 
were  such  that  the  losses  below  the  critical  point,  other  than 
those  due  to  the  insulators,  would  be  very  low,  and  would 
probably  be  masked  by  the  insulator  losses  themselves;  whereas 
at  Niagara  the  conditions  were  such  as  to  produce  appre- 
ciable atmospheric  losses  below  the  critical  point.  And,  besides, 
as  in  the  Niagara  tests  all  insulator  losses  were  eliminated,  it 
was  more  easily  possible  to  detect  atmospheric  losses  below  the 
critical  point. 

Item  (f)  was  not  confirmed  at  Niagara.  In  fact,  quite  the 
contrary  was  found  to  obtain.  As  has  been  previously  men- 
tioned, the  results  obtained  at  Niagara,  showing  that  the  loss 
varied  with  the  atmospheric  humidity  conditions,  were  at  first 
thought  to  discredit  the  results  at  TeUuride,  but  when  fuller 
data  had  been  obtained  at  Niagara,  it  was  found  that  the  weather 
conditions  (and  the  variations  of  them)  which  obtained  at 
TeUuride  would  produce  so  small  a  variation  in  the  losses  that 
it  would  have  been  difficult,  if  not  impossible,  to  detect  them. 
In  other  words,  the  results  at  Niagara  appear  to  fully  confirm  (e), 
but  were  contrary  to  (/),  the  deduction  which  was  made  from  (e). 

As  regards  (A),  the  measurements  at  Niagara  seem  to  show 
that  there  will  be  a  variation  in  the  loss  as  the  frequency  is 
varied,  although  at  the  time  of  the  TeUuride  measurements,  it 
was  thought  probable  that  frequency  would  make  no  difference 
in  the  loss  in  spite  of  the  results  which  had  been  obtained  show- 
ing apparently  a  variation  of  loss  and  critical  point  with  fre- 
quency. 

Referring  to  Professor  Ryan's  results: 

As  regards  (i),  the  variations  in  atmospheric  density  at  both 
TeUuride  and  Niagara  were  too  slight  to  obtain  any  results  bear- 
ing on  this  point.  At  Niagara  such  variations  in  loss  or  critical 
point  as  might  have  been  due  to  variations  in  atmospheric 
density  would  have  easily  been  masked  by  variations  due  to 
other  conditions,  especially  moisture  conditions.  The  barometer 
was  never  lower  than  29  in.  nor  higher  than  30  in.,  the  average 
being  about  29.5  in.  Since  the  density  of  the  atmosphere 
varies  as  the  absolute  temperature,  the  variation  in  density 
due  to  temperature  would  be  comparatively  small. 

As  regards  (/)     k),  (/)  and  (m),  the  results  both  at  TeUuride 
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and  Niagara  show  that  there  is  a  relation  between  distance  be- 
tween conductors  and  the  critical  point,  and  the  latter  measure- 
ments show  that  there  is  also  a  relation  between  diameters  of 
conductors  and  the  critical  point.  Both  these  would  have  a 
bearing  upon  the  local  rate  of  fall  of  potential,  or  dielectric 
stress.  The  results  obtained  at  Niagara  do  not,  however, 
bear  out  quantitatively  those  obtained  by  Ryan.  Neither 
do  they  seem  to  bear  out  his  results,  qualitatively,  as  the  diam- 
eter of  the  conductor  is  varied,  though  they  do  seem  to  agree, 
qualitatively,  with  his  results  for  variation  of  critical  point  as 
the  distance  between  conductors  is  varied. 
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A  number  of  the  above  points  are  more  fully  borne  upon  by 
what  follows: 

In  Fig.  38  is  shown  the  method  of  determining  the  critical 
point.  The  lower  limb  of  the  loss  curve  is  extended  in  accordance 
with  what,  so  far  as  can  be  judged,  is  the  law  of  the  lower  por- 
tion of  the  curve  and  the  critical  point  taken  as  the  point  where 
the  upper  limb  leaves  the  lower  limb  prolonged.  Some  writers 
have  determined  the  critical  point  by  extending  the  upper  limb 
of  the  curve  down  to  the  horizontal  axis.  Such  course  is  clearly 
incorrect. 
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Fig.  14  shows  not  only  the  loss  curves  for  a  given  conductor 
at  different  spacings,  but  also  the  corresponding  charging  cur- 
rent curves.  The  charging  current  curves  are  included  mainly 
to  show  that  there  is  no  change  in  the  charging  current  due  to 
the  critical  point.  As  will  be  seen  from  Fig.  14,  the  line  charg- 
ing current  curves  are  straight  lines,  and  in  all  the  measurements 
I  have  ever  taken  this  has  been  the  case,  so  long  as  the  electro- 
motive force  wave  has  not  been  distorted.  Further,  this  straight 
line  relation  has  always  held  even  when  the  voltage  was  pushed 
to  a  value  which  took  the  loss  curve  very  considerably  above 
the  critical  point. 

Figs.  19,  20  and  21  show  the  comparison  of  the  loss  curves  of 
solid  and  stranded  conductors,  and  of  stranded  conductors  with 
different  numbers  of  strands.  Fig.  19  clearly  shows  that  for  a 
stranded  conductor  of  given  circular  mil  section,  the  loss  is  less 
and  the  critical  point  higher  than  for  the  corresponding  solid 
conductor.  The  two  conductors  compared  in  this  case  have  not 
the  same  circular  mil  section,  the  area  of  the  stranded  conductor 
being  less  than  that  of  the  solid  conductor;  but,  even  with  this 
disadvantage,  the  stranded  conductor  shows  a  considerable  ad- 
vantage over  the  solid.  Fig.  20  shows  a  comparison  between  a  19 
strand  cable  and  a  7  strand  cable;  while  Fig.  21  shows  a  com- 
parison bet-ween  a  19  strand  cable  and  a  37  strand  cable.  It  is  clear 
from  these  three  curves  that  not  only  is  a  stranded  conductor 
superior  to  a  solid  one,  so  far  as  loss  and  critical  point  are  con- 
cerned; but,  also,  that  the  finer  the  strands  of  the  stranded  con- 
ductor, the  better,  so  far  as  the  critical  point  is  concerned.  That 
is  to  say,  the  effective  diameter  of  the  stranded  conductor  is 
greater  than  for  the  corresponding  solid  conductor,  and  for  a 
given  conductive  area  of  cross-section,  the  greater  the  number 
of  strands  in  the  stranded  conductor,  the  greater  is  its  effective 
diameter  so  far  as  critical  point  and  loss  are  concerned.  Of 
course,  it  is  perfectly  evident  that  the  actual  outside  diameter 
of  a  stranded  conductor  is  greater  than  that  of  the  corresponding 
soHd  conductor,  but  there  has  been  some  question,  heretofore, 
as  to  whether  the  increase  of  physical  diameter  would  not  be 
offset  by  the  fact  that  the  surface  of  the  stranded  conductor  is 
corrugated.  These  curves,  apparently,  settle  this  matter  to 
the  effect  that  the  increase  of  diameter  more  than  offsets  any  ill 
effects  due  to  corrugations.  As  a  matter  of  fact,  as  will  be  shown 
later  on,  the  stranding  seems  not  only  to  offset  the  effect  of  the 
corrugations  but,  when  the  stranding  is  fine  enough,  to  more 
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than  offset  them  and  make  the  effective  diameter  of  a  stranded 
conductor  greater  than  that  of  a  solid  conductor  having  a 
diameter  equal  to  the  outside  diameter  of  the  stranded  con- 
ductor. 

Fig.  22  shows  two  loss  curves,  one  with  conductors  25  feet 
from  the  ground  and  the  other  with  conductors  6  feet  from  the 
ground ;  the  size  and  spacing  of  the  conductors  being  the  same 
in  the  two  cases.  These  measurements  were  taken  to  determine 
whether  variation  in  the  distance  from  the  earth  had  any  effect 
on  the  loss  or  critical  point.  They  show  that  such  variation  has 
apparently  no  effect. 

Fig.  23  shows  measurements  taken  on  a  pair  of  conductors  at 
different  frequencies.  Apparently  the  loss  changes  with  the 
frequency,  but  the  extent  of  this  change  as  shown  by  the  figure 
is  open  to  question,  as  will  be  seen  on  referring  to  Fig.  25  which 
shows  the  wave  forms  corresponding  to  the  70  kilovolt  points  of 
the  curves  of  Fig.  23.  The  waves  for  the  93-cycle  curve  and 
for  the  73-cycle  curve  are  practically  identical,  but  that  for 
the  40-cycle  curve  is  considerably  flattened.  The  40-cycle 
loss  curve  is,  therefore,  imdoubtedly  a  great  deal  lower  than  it 
would  be  if  the  wave  form  had  not  been  distorted  so  that  the 
result  obtained  for  40  cycles  is  not  comparable  to  those  obtained 
for  73  cycles  and  93  cycles  respectively.  The  curves  for  the 
latter  two  frequencies  are,  however,  comparable  and  seem  to 
show  that  the  loss  is  less  the  lower  the  frequency.  I  hope,  later 
on,  to  obtain  measurements  at  different  frequencies  under  con- 
ditions which  will  obviate  distortion  of  the  wave  form. 

Similar  remarks  will  apply  to  the  variation  of  insulator  loss 
with  frequency  as  shown  in  Fig.  34,  to  which  Fig.  35,  showing 
the,  wave  forms,  applies.  Apparently,  there  is  a  decrease  in  in- 
sulator loss  with  frequency,  but  it  is  evident  that  if  the  wave 
form  were  not  distorted,  the  change  in  loss  with  frequency  would 
not  be  as  great  as  is  shown  by  Fig.  34. 

Fig.  24  is  derived  from  Fig.  23.  In  viewing  this  figure  what 
has  been  said  in  regard  to  distortion  of  wave  form  should  be 
borne  in  mind.  It  seems  evident  that  if  the  wave  form  were 
not  distorted  at  40  cycles,  the  curves  shown  in  Fig.  24  would  be 
higher  at  the  lower  frequencies  than  there  shown. 

A  reference  to  Figs.  26  and  27  shows  that  hard  drawn  wire 
is  somewhat  superior  to  soft  drawn  wire,  because  of  its  smoother 
surface,  but  that  the  difference  is  not  great.  These  figures,  also, 
show  that  there  is  practically  no  difference  between  copper  and 
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aluminum  wire  in  the  matter  of  loss  and  critical  point.  There 
may  be  mentioned  in  this  connection  a  point  which  has  already 
been  referred  to,  that  there  is  no  difference  between  weathered 
and  unweathered  wire  as  regards  loss  and  critical  point. 

The  results  obtained  in  measuring  losses  with  insulators  on 
wooden  and  steel  pins,  as  shown  by  Fig.  36,  were  rather  a  surprise. 
On  thinking  the  matter  over,  I  came  to  the  conclusion  that  this 
effect  is  due  to  the  fact  that  a  large  part  of  the  current  taken 
by  the  insulator  is  charging  current;  that  is,  a  current  in 
quadrature  with  the  electromotive  force,  and  that  motmting 
the  insulator  on  a  wooden  pin  is  equivalent  to  inserting  a 
resistance  in  series  with  a  condenser.  As  is  well  known,  the  value 
of  such  a  resistance  can  be  considerable,  before  the  voltage  im- 
pressed upon  the  condenser  is  materially  reduced,  because  of 
the  fact  that  the  voltages  taken  by  the  resistance  and  the  con- 
denser, respectively,  are  in  quadrature.  This  being  the  case,  it 
would  be  possible  to  have  a  considerable  resistance,  and  there- 
fore loss,  in  the  pin,  without  materially  reducing  the  current 
taken  by  the  insulator.  This  would  mean  considerably  more 
instilator  loss  with  a  wooden  pin  than  with  a  steel  pin.  In  order 
to  test  this  out,  the  measurements  of  Fig.  37  were  taken,  showing 
the  relation  between  the  loss  and  the  length  of  the  wooden  in- 
sulator pin.  These  curves  clearly  show  the  correctness  of  the 
above  explanation  since,  in  the  case  of  a  resistance  and  a  capacity 
in  series  and  a  constant  voltage  impressed  upon  the  combina- 
tion, the  loss  would  increase  as  the  resistance  is  increased  up  to 
a  certain  maximum  and  would  thereafter  decrease.  These 
measurements  go  a  long  way  towards  explaining  some  of  the 
difficulties  experienced  in  the  burning  and  deterioration  of 
wooden  pins. 

In  order  to  get  some  further  light  on  this  matter  of  charging 
current  in  the  insulators,  the  measurements  of  Fig.  32  were 
taken.  The  conditions  under  which  these  measurements  were 
taken  are  shown  in  Fig.  33.  The  measurements  show  that  the 
loss  in  the  case  of  I  and  II  of  Fig.  33  is  the  same,  and  greater 
than  III  of  the  same  figure.  The  explanation  of  this  is  taken 
to  be  that  the  charging  current  of  the  different  petticoats  of 
the  insulator  has  to  be  suppUed  over  the  surface  film  of  the  in- 
sulator and  that  the  greater  this  charging  current  is,  the  greater 
the  loss  will  be.  The  charging  current  would  naturally  be 
greater  in  the  case  of  I  and  II  than  in  the  case  of  III,  since,  in 
addition  to  the  condenser  effect  between  the  different  petticoats 
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of  the  insulator,  there  will  be  a  condenser  effect  between  the 
different  petticoats  of  the  insulator  and  the  metal  pin  inside 
them.  That  this  matter  of  the  charging  current  of  the  insulator 
has  considerable  to  do  with  the  insulator  losses  is  also  shown 
by  Fig.  30,  showing  losses  on  insulators  of  different  sizes.  When 
the  measurement  of  Fig.  30  was  taken,  it  was  thought  that 
possibly  the  loss  over  an  insulator  was  due,  simply,  to 
conductivity  through  a  film  on  the  surface  of  the  insulator. 
If  this  were  the  case,  it  ought  to  be  possible  to  compare  the  losses 
over  different  insulators  by  calculating  the  relative  resistances 
of  their  surfaces,  assuming  the  surfaces  had  the  same  thickness 
of  conducting  film.  On  making  such  calculations,  however,  it 
was  found  that  the  resistance?  calculated  in  this  way  would  not 
account  for  the  different  losses.  Some  of  the  insulators  whose 
calculated  film  resistances  were  highest  had  also  the  highest 
loss;  but,  in  every  such  case,  these  insulators  were  of  the  t3rpe 
in  which  the  petticoats  were  more  nearly  parallel  to  the  metal 
pin,  thus  offering  a  better  chance  for  condenser  effects  between 
the  petticoats  and  the  pin ;  whereas,  the  lower  losses,  obtained  in 
the  case  of  insulators  whose  calculated  film  resistance  was  lower, 
were  obtained  from  insulators  whose  petticoats  were  more  nearly 
horizontal,  that  is,  whose  surfaces  rapidly  departed  from 
parallelism  with  the  pin,  offering  less  chance  for  condenser 
effects. 

The  relation  which  has  been  discovered  connecting  loss 
and  vapor  product  is  not  offered  herein  as  a  law,  but  simply 
as  an  empiric  relation  which  seems  to  exist  between  the  quan- 
tities involved  and  which  may  be  put  to  practical  use  in  deter- 
mining what  will '  happen  under  given  atmospheric  moisture 
conditions.  As  previously  explained,  the  vapor  product  is  a 
product  obtained  by  multiplying  together  the  vapor  pressure 
exerted  by  the  moisture  .which  exists  in  space  under  a 
given  set  of  conditions,  by  the  fraction  representing  the  relative 
humidity  at  that  time..  The  relative  humidity  is  the  ratio  of 
the  amount  of  moisture  in  unit  space  at  a  given  temperature 
to  the  amount  of  moisture  which  would  be  contained  in  the  same 
space  if  saturated  at  the  same  temperature.  This  ratio  is 
the  same  as  the  ratio  of  the  pressures  of  the  vapor.  That  is 
if  />  =  the  vapor  pressure  under  any  given  temperature,  t,  and 
if  P  =  the  saturated  vapor  pressure  for  the  same  temperature. 

we  have:  p 

relative  humidity  =  -^ 
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or  the  vapor  product  as  we  have  defined  it  is 

vapor  product  =  ^ 

The  numerator  of  this  expression  may  be  evaluated  in  terms 
of  the  density  of  the  aqueous  vapor  (i.e.,  the  weight  of  water 
vapor  in  imit  space)  and  the  temperature;  but  the  de- 
nominator cannot  be  similarly  evaluated.  Regnault  determined 
the  relation  between  P  and  /,  but  the  relation  has  never  been 
rationalized  and,  apparently,  no  satisfactory  simple  empiric 
formula  has  been  found  connecting  these  two  quantities.  I  have 
been  unable,  therefore,  to  arrive  at  any  rational  explanation  for 
the  relation  which  seems  to  exist  between  loss  and  vapor  product 
and,  in  the  absence  of  such  rationalization,  this  relation  must  be 
considered  as  purely  empirical. 

It  will  be  noted  that  the  relaftion  between  loss  and  vapor 
product  is  even  more  clearly  defined  in  the  case  of  the  insulator 
losses  than  it  is  in  the  case  of  the  atmospheric  losses  between 
conductors.  This,  as  has  been  previously  explained,  is  probably 
due  to  two  things.  One,  that  the  insulators  being  near  the 
grotmd  were  probably  less  affected  by  smoke  or  other  floating 
particles  in  thie  atmosphere;  the  other,  that  the  humidity 
measurements  were  taken  alongside  the  insulators;  whereas 
those  applying  to  the  lines  were  taken  on  the  ground  below  the 
lines  and  at  one  end  of  the  1,000  feet  of  line  used.  In  the  case 
of  the  humidity  measurements,  applying  to  insulators,  therefore, 
these  measurements  directly  apply  to  the  space  in  the  neighbor- 
hood of  the  insulators,  whereas  in  the  case  of  the  line,  the 
humidity  measurements  apply  only  to  one  portion  of  the  line 
and  may  or  may  not  have  fairly  represented  the  average  con- 
dition over  the  whole  line. 

The  curves  in  the  case  of  the  insulators.  Figs.  28  and  29,  have 
been  drawn  in  as  straight  lines,  although  if  the  measurements 
on  the  insulators  had  been  carried  to  higher  values  of  vapor 
product,  no  doubt  the  curves  would  have  been  drawn  in  slightly 
curved  as  is  the  case  with  the  lower  portions  of  the  curves  of  Figs. 
Sand  9. 

The  vapor  product  curves  for  all  the  cables  measured  are  not 
given  herein,  in  order  to  not  unduly  extend  this  paper,  but  they 
have  been  made  use  of  in  deriving  certain  other  curves.  One 
of  the  derived  curves  is  that  of  Fig.  39,  which  shows  the  rela- 
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tion  between  the  critical  point  and  the  spacing  of  the  con- 
ductors at  the  value  of  vapor  product  =  0.20.  One  of  these 
curves  is  drawn  in  broken.  The  broken  portion  is  an  exterpola- 
tion. 

There  is  a  curious  result  of  this  apparent  relation  between 
loss  and  vapor  product.  If  the  voltage  loss  curve  for  vapor 
product  =  0.0,  be  subtracted  from  the  corresponding  loss  curve 
for  any  other  vapor  product,  the  residual  difference  seems  to 
be  about  the  same  for  all  sizes  of  conductors  and  all  spacings. 
In  Fig.  40  are  shown  these  residual  quantities  obtained  by  sub- 


1 

1 

CURVES 
SPACINO 

(HOWIN&    RELATION    BETWEEN    THE   CRITICAL    POINT    AND  THE 
FOR    DIFFERENT    SIZES    OF  CONDUCTOR. 

^  _ 

_. 





_ 

7sm 

101  MO  CM. 

^ 

^ 





~~ 

1        1 



I7STR.4I7MCM. 
If  STM.  41  MO  CM. 

5 

^ 

. 





7STII.  4t  §10  CM. 
90UD    51  tlB  CM. 

■^ 

^ 

. 



SMJQ   54  600  CM. 

1      1 

^ 

^^^ 

— 

_    ^ 

. 

IPUO   to  740  CM. 

, 

loUD  i#  rqo  CM. 

— 

VAPOR  PRODUCT -0.£0    (CORRECTED) 
PREOUENCY-rSM 

4:0  SO  M  70 

9^«|N9   or  CONOUCTQRI   !•(   INCHES. 

FI0«7t. 


tracting  from  the  voltage  loss  curve  for  a  given  size  cable  at 
different  spacings  and  at  vapor  product  =  0.20,  the  correspond- 
ing loss  curves  for  vapor  product  =  0.0.  As  will  be  seen  the 
residual  quantities  are  not  far  apart. 

In  Fig.  41  corresponding  results  have  been  obtained  for 
different  sizes  of  conductors  at  the  same  spacing.  Here  again, 
the  residual  differences  do  not  differ  widely,  except  at  the  high 
voltages  where  the  loss  is  very  sensitive  to  any  change  of  con- 
dition, such  as  smoke,  etc.  On  comparison  also  it  will  be  seen 
that  the  residual  differences  are  about  the  same  in  the  two 
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figures.  Apparently,  therefore,  the  increase  of  loss  due  to 
vapor  in  the  atmosphere  is  the  same  for  the  same  vapor  product 
no  matter  what  the  size  of  conductor  or  what  the  spacing 
between  conductors.  Why  this  should  be  the  case,  I  am 
unable  to  conjecture,  any  more  than  I  am  able  to  arrive  at  any 
rational  explanation  of  the  relation  between  loss  and  vapor 
product. 

In  Fig.  42  is  another  set  of  curves  derived  by  means  of  the 
vapor  product  relation.  Here  is  shown  the  effect  of  vapor  pro- 
duct on  the  critical  points,  for  different  sizes  of  conductors.     As 
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will  be  seen  on  examining  these  curves,  the  percentage  reduction 
in  the  critical  point,  due  to  increase  of  vapor  product,  is  closely 
the  same  for  all  sizes  of  conductors;  which  would  seem  to  be 
properly  the  case. 

Pigs.  43,  44,  45  and  46,  applying  to  distances  of  50,  60,  72 
and  84  inches  between  centres  of  conductors,  show  the  relation 
between  diameter  of  conductor  and  critical  point  for  vapor 
products  of  0.0,  0.20,  0.40  and  0.60.  Portions  of  some  of  these 
curves  are  shown  broken;  the  broken  portions  are  exterpolated. 
The  curves  show  the  relation  up  to  a  diameter  of  0.40  inch. 
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The  maximum  diameter  of  conductor  on  which  measurements 
were  taken  was  0.518  inch;  but,  under  all  conditions  of  meas- 
urement, the  critical  point  corresponding  to  this  diameter  was 
above  the  maximum  voltage  of  the  transformer,  namely, 
100,000  volts. 

Referring  to  Fig.  43,  particular  attention  is  invited  to 
the  curve  for  vapor  product  0.20  which  is  the  only  curve 
whose  points  are  shown.  All  the  points  shown  in  this  figure 
apply  to  this  curve,  and  are  numbered.  Beginning  at  the 
left  hand  end  of  the  curve,  the  first  four  points  are  for  solid 
conductors;  the  next  two  points  (5  and  6)  are  for  stranded  con- 
ductors of  7  strands  each.  The  values  of  diameter  opposite 
which  these  last  two  points  (5  and  G)  are  plotted  are  the  outside 
or  overall  diameter  of  'the  stranded  conductor.  In  view  of  the 
fact  that  these  last  two  points  fall  in  well  with  the  .curve  drawn 
through  the  solid  conductors,  it  would  appear  that,  so  far  as 
critical  point  is  concerned,  the  equivalent  diameter  of  a  7  strand 
cable  is  equal  to  the  maximum  diameter  of  the  cable ;  that  is, 
the  7  strand  cable  is  equivalent  to  a  solid  conductor  having  a 
diameter  equal  to  the  outside  diameter  of  the  cable.  Above 
point,  5  are  two  other  points  7  and  8.  These  points  apply  to 
stranded  conductors  of  19  and  37  strands  respectively,  and  they, 
also,  are  plotted  with  reference  to  the  outside  diameter  of  the 
conductor  Now,  the  critical  voltages  applying  to  these  points 
correspond  to  diameters  of  solid  conductors  (as  shown  by  the 
curve  0.20  \mder  consideration)  considerably  greater  than  the 
outside  diameter  of  the  stranded  conductor.  It  would  seem, 
therefore,  that  a  stranded  conductor  of  7  strands  is  equivalent, 
as  to  critical  point,  to  a  solid  conductor  having  a  diameter  equal 
to  the  outside  diameter  of  the  cable,  and  that  a  cable  of  more 
than  7  strands  is  equivalent  to  a  solid  conductor  whose  diameter 
is  greater  than  the  outside  diameter  of  the  cable. 

The  upper  curve  of  Fig.  43  is  one  obtained  by  means  of  Ryan's 
formula  (and  on  the  assumption  of  a  sine  wave  electromotive 
force)  for  the  same  spacing  as  the  lower  curves  of  this  figure.  As 
will  be  seen,  the  critical  poijats  by  the  formula  are  much  higher 
than  those  given  by  the  lower  curves  even  for  vapor  product  =  0.0 
(i.e.,  absolutely  dry  air) .  Not  only  is  this  the  case,  but  the  curve 
of  the  formula  evidently  does  not  follow  the  same  law  as  the 
lower  curves.  In  order  to  compare  the  Niagara  results  with 
Ryan's  formula,  the  following  tables  have  been  prepared,  show- 
ing the  values  of  critical  point  from  the  Niagara  measurements, 
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the  corresponding  values  from  the  formula,  and  the  ratio  of  the 
former  to  the  latter. 

Comparison  of  Critical  Points  prom  Niagara  Mbasurbmbnts,   and  from  Ryan's 
Formula,  for  Dipfbrbnt  Spacings  of  Conductors 


Spacings  of 
conductors 
in  inches 

Critical  points 

from 
Ryan's  formula 

Niasara 
critical 

Niagara 

Ratio 

Ryan 

30 

112 

GO. 3 

0.62 

40 

120 

73 

0.61 

50. 

122 

76 

0.62 

60 

125.5 

79.5 

0.63 

70 

129 

82 

0.63 

80 

131.5 

84 

0.64 

go 

134 

86      * 

0.64 

In  making  calculations  by  Ryan's  formula,  the  barometric  pressure  has  been  taken  as  29.5 
inches  and  the  temperature  70**  fahr. 

The  Niagara  critical  points  are  for  vapor  product  ■*  0.20. 
The  diameter  of  the  conductor  was  0.2349  in. 
All  critical  points  given  in  effective  kilovolts. 

Comparison  of  Niagara  Critical  Points,  at  Diffbrbnt  Vapor  Products,  and  Critical 

Points  Calculated   from   Ryan's   Formula,    for   Diffbrbnt   Sizb  Conductors 

Spacbd  50  Inchbs  Cbntbr  to  Cbntbr 


Area  of 
conductor 
cir.  mils 

Diam 

of 
cond. 
inches 

Critical 
points 
from 
Ryan's 
formula 

Niagara  critical  points 
for  the  values 

of  vapor 
product  given 

Niagara 

Ratio for  the 

Ryan 
values  of  vapor 
products  given 

.3667 

152 

0 

.2 

.4 

.6 

0 

.2 

.4 

.6 

103850 

101 

94 

89 

85 

0.664 

0.618 

0.585 

0.559 

42910 

.2349 

122 

82 

76 

72 

68.5 

0.672 

0.623 

0.590 

0.561 

34600 

.186 

110 

72 

68 

63 

CO 

0.655 

0.618 

0.573 

0.545 

20740 

;144 

97 

61.5 

57 

53.5 

51.5 

0.634 

0.588 

0.552 

0.531 

10500 

.1025 

82.5 

49 

45 

42.5 

40.5 

0.594 

0.545 

0.515 

0.491 

In  making  calculations  by  Ryan's  formula,  the  barometric  pressure  has  been  taken 
as  29.5  inches  and  the  temperature  70**  fahr. 
AU  critical  points  given  in  effective  kilovolts. 

These  tables  show  that  the  Niagara  values  vary  from  0.49  to  0.66 
of  those  by  the  formula ;  the  ratio  remaining  practically  constant 
for  the  same  size  conductor  at  different  spacings  but  varying 
for  the  different  sizes  of  conductor  at  the  same  spacing.  In 
other  words,  qualitatively,  the  Niagara  results  agree  with  the 
formula  as  the  spacing  is  varied,  but  depart  somewhat  from 
the  formula  as  the  diameter  is  varied;  and  quantitatively  they 
do  not  agree  with  the  formula  at  all. 

In   order  to   make    Ryan's   formula   applicable   at   different 
diameters  and  different  vapor  products  Fig.  47  has  been  prepared. 


Digitized  by  VjOOQIC 


1908] 


MERSHON:  HIGH  VOLTAGE  TESTS 


899 


showing  the  ratio  by  which  the  critical  points  obtained  from 
Ryan's  formula  must  be  multiplied  in  order  to  obtain  for  differ- 
ent diameters  and  vapor  products  the  critical  point  correspond- 
ing to  the  Niagara  results. 

As  has  been  previously  mentioned  (see  page  1066)  Ryan's 
formula  contains  two  quantities,  d  and  D\  which  are  not  con- 
stant. In  making  use  of  his  formula,  the  value  of  d  and  D' 
must  be  taken  from  a  table,  given  by  him,  in  which  they  appear 
as  functions  of  the  diameter  of  the  conductor.  The  formula 
is  not,  therefore,  self  contained. 


•  OK 
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tCAL  POINTS  CALCULATtO  lY  f|YAN*S    FORMULA. 

r 

^ 



- 

t 

< 

8 

7^- 

^ 

^ 



. 

1 

. 

4kf0 

" 

-t- 

" 

^ 

^ 

"^ 

,^ 

■ 



- 

i., 

' 

■ 

«LM 

7^— 

^ 

-^ 

' ■ 

h 

" 

MO 

i 

OJOO 


0.300 
OIAMETEH     or    CONDUCTOR     IN    INCHCS. 


.  On  plotting  the  value  of  d  and  D'  as  functions  of  the  diameter 
of  conductor,  the  curves  of  Fig.  48  are  obtained.  These  curves 
are  hardly  such  as  one  would  expect  in  connection  with  physical 
phenomena.  The  relations  they  show  would  appear  to  be 
entirely  empirical  and  of  a  character  to  raise  some  doubt  as  to 
the  necessity  for  the  assumptions  from  which  they  result. 

It  is  possible  to  represent  quite  closely  the  results  of  the 
Niagara  measurements  by  a  self-contained  expression  of  the  form 
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in  which  E  is  the  e.m.f. ;  r  the  radius  of  conductors;  s  the  distance 
between  conductors;  and  k^,  k^,  k^  constants.  The  last  two  vari- 
able factors,  (r)  log  I  —  1,  of  this  expression  are  similar  in  form 

to  those  of  the  theoretical  equation  obtained  by  the  usual 
method  of  analysis,  so  that  to  this  extent,  at  least,  the  expression 

is  rational.     The  other  variable  factor,  (l  +    ,    ' — ),   may  be 

looked  upon  as  accounting  for  the  existence  and  variability 
of  the  small  quantity  d,  and  the  variability  of  the  critical  di- 
electric stress  D'  (if  there  be  any  necessity  for  such). 


d  AM 


j_-± 


VALUCI    or  i   ANO  t'  *■  «VMI*S   rOMM'JLA, 

d«A  lauLL  oitTANce  moM  MmrAU  tir  comuctm. 

O'^OICLCCTIIIC  fLUX   OCNSlTY. 


410X10** 


iS9Mtfr* 


0.100  0.100 

OUMCTCR  OP  COMOUCTOt    111  INCHU.  ^ 


Whatever  may  be  the  adequacy  of  the  argument  in  favor  of 
the  small  quantity  d,  and  its  variability,  it  would  seem  as 
though  D\  the  critical  dielectric  stress,  should  be  constant; 
that  any  apparent  variation  in  it  is  more  likely  due  to  errors  in 
the  method  of  calculating  electrostatic  force  (such  as  the  assump- 
tion of  uniform  density  of  charge)  than  to  an  actual  variation 
of  the  local  stress  necessary  to  institute  breakdown  of  the  di- 
electric. 

The  above  form  of  expression  applies  for  any  given  vapor 
product.     Variation   in   vapor   product   may   be   quite   closely 
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taken  into  account  if  there  be  introduced  into  the  expression  an 
additional  empirical  factor  of  the  form 

1 


where  />'  is  the  vapor  product  and  k^  a  constant. 

The  above  expressions  are  not  offered  as  final  formulae;  I 
desire  to  obtain  more  corroborative  data  before  proposing  a  final 
expression.  They  do,  however,  quite  closely  represent  the 
Niagara  results  and  may  be  advantageously  used  in  adapting  or 
extending  them  so  far  as  this  may  seem  to  be  warranted. 

It  is  not  known  what  frequency  Ryan  used,  but  it  is  presumed 
to  have  been  60  cycles.  The  results  at  Niagara  were  at  73 
cycles.  A  difference  in  frequency  might  account,  in  part,  for  the 
difference  in  the  results  obtained. 

In  order  that  the  Niagara  results  shall  be  applicable  to  differ- 
ent localities,  the  following  table  has  been  prepared  by  means 
of  data  obtained  from  the  United  States  Weather  Bureau. 
The  table  applies  to  two  winter  and  two  summer  months. 

Maximum  and  Minimum  Vapor  Products  for  Pour  Dippbrbnt  Locations  in  the  Unitbd 

States,  for  January,  Pbbruary,  July  and  August,  1905,  as  Obtainbd  from  thb 

Humidity  Mbasurbmbnts  of  thb  United  States  Wbathbr  Bureau 

Jan.  Feb.  July  Aug. 

Eastport,  Me Maximum    0.347  0.124  0.465  0.440 

76  feet  above  sea  level. 

Mean  Barometer  about  30  in Minimum     0.014  0.014  0.245  0.175 

Key  West,  Fla Maximum    0.552         0.566         0.074        0.743 

22  feet  above  sea  level. 
Mean  Barometer  about  30  in Minimum     0.C816      0.194        0.403         0.517 

St.  Paul.  Minn Maximiun    0.141         0.173         0.527         0.555 

837  ft.  above  sea  level. 
Mean  Barometer  about  29  in Mini.-nura      0.0187       0.0106      0.157         0.179 

Denver.  Colo Maximum    0.199        0.072         0.413         0.418 

5291  ft.  above  sea  level. 
Mean  Barometer  about  25  in Minimum     0 .025         0.0112       0 .  199      0 .0224 


Resume  and  Conclusions 
It  is  believed  that  as  the  result  of  the  work  at  Telluride,  the 
work  of  Professor  Ryan,  and  the  results  at  Niagara,  the  following 
conclusions  are  justified.     Such  of  the  following  items  as  were 
originally  due  to  Professor  Ryan  are  so  designated. 

1.  That  with  a  given  conductor  at  a  given  spacing  and  under 
given  atmospheric  conditions,  there  is  a  certain  voltage  or 
"  critical  point  *'  at  which  a  very  appreciable  loss  begins  to  occur 
through  the  atmosphere. 

2.  That  there  may   or  may  not  be  an  appreciable  loss  exist- 
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ing  below  this  critical  point,  depending  upon  the  atmospheric 
conditions. 

3.  That  the  presence  of  floating  particles  in  the  atmosphere 
may  produce  a  loss  below  the  critical  point  (Ryan). 

4.  That  the  presence  of  moisture  in  the  atmosphere  may 
produce  a  loss  below  the  critical  point. 

5.  That  the  presence  of  moisture  in  the  atmosphere  affects 
the  loss  both  above  and  below  the  critical  point. 

6.  That  the  presence  of  moisture  or  floating  particles  in  the 
atmosphere  affects  the  position  of  the  critical  point  (i.e.,  the 
value  of  the  critical  voltage). 

7.  That  the  critical  point  corresponds  to  a  partial  break- 
down of  the  dielectric. 

8.  That  the  critical  point  coincides  with  the  voltage  at 
which  luminosity  or  hissing  (or  both)  of  the  conductors  begins. 

9.  That  the  critical  point  depends  upon  the  maximum  value  • 
of  the  electromotive  force  wave  and  the  distance  between  the 
conductors. 

10.  That  the  critical  point  depends  upon  the  local  rate  of  fall 
of  potential  or  dielectric  stress  at  some  point  in  the  atmosphere 
and,  therefore,  depends  not  only  upon  the  maximum  value  of  the 
electromotive  force  wave  and  the  distance  between  the  conduc- 
tors, but  also  upon  the  diameter  of  the  conductors.     (Ryan.) 

11.  That  there  is  a  loss  over  insulators  which  is  affected  by 
the  moisture  conditions  of  the  atmosphere. 

12.  That  the  variation  of  the  atmospheric  loss  between  con- 
ductors, the  variation  of  the  loss  over  insulators,  and  the  varia- 
tion of  the  critical  point  due  to  the  moisture  conditions  of  the 
atmosphere  bear  to  the  vapor  product  (i.e.,  the  product  ob- 
tained by  multiplying  the  vapor  pressure  by  the  relative 
humidity)  a  definite  relation  which,  so  far  as  is  at  present 
known,  is  an  empiric  one. 

13.  That  the  loss  over  insulators  in  a  fog  is  very  much  higher 
than  the  loss  in  dry  air,  and  somewhat  higher  than  that  in  a 
heavy  rain. 

14.  That  the  smoother  the  surface  of  the  conductor,  the  less 
the  loss  and  the  higher  the  critical  point. 

15.  That  the  stranding  of  the  line  conductors  reduces  the  loss 
arid  raises  the  critical  point  due  to  the  increase  of  the  equivalent 
diameter  of  the  conductor. 

IG.  That  the  increase  of  the  equivalent  diameter  of  the  con- 
ductor is  greater  the  greater  the  number  of  strands. 
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17.  That  the  weathering  of  conductors  (or  at  any  rate  the 
alumintim  conductors  and  probably  copper  also)  does  not  ap- 
preciably increase  the  loss  or  lower  the  critical  point. 

18.  That  the  loss  and  critical  point  are  the  same  for  copper 
and  aluminum  under  the  same  conditions. 

19.  That  anything  which  increases  the  charging  current  of 
an  insulator  increases  the  loss  over  the  insulator. 

20.  That  the  loss  over  an  insulator  on  a  wooden  pin  is 
greater  than  that  over  an  insulator  on  a  metal  pin,  because  the 
resistance  of  the  wooden  pin  is  in  series  with  the  charging  current 
of  the  insulator. 

21.  That  the  atmospheric  loss  between  conductors  and  the 
loss  over  insulators  decreases  with  the  frequency.  The  law  of 
the  decrease  is  not  at  present  accurately  kno\\'n. 

22.  That  neither  the  critical  point  nor  the  loss  between  cables 
is  affected  by  variation  in  the  distance  of  the  cables  from  the 
ground. 

The  effect  of  atmospheric  density  upon  the  critical  point  has 
been  omitted  from  the  above  enumeration.  This  has  not  been 
done  because  of  any  doubt  as  to  the  accuracy  of  Ryan's  results 
relating  thereto,  but  simply  because  neither  the  results  at 
Telluride  nor  at  Niagara  were  such  as  to  throw  any  light,  cor- 
roborative or  otherwise,  upon  this  matter. *t 
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Discussion  on  **  High-Voltage  Measurements  at  Niagara." 
Atlantic  City,  N.  J.,  June  30,  1908 

Henry  L.  Doherty:  This  paper  is  a  most  valuable  contribu- 
tion to  a  subject  of  great  importance.  I  will  not  attempt  to 
discuss  any  of  the  details  of  the  paper  for  fear  it  will  distract 
from  the  broader  matters  which  are  worthy  of  consideration. 

As  a  preface  to  my  remarks  I  want  to  say,  first,  that  the 
American  Institute  of  Electrical  Engineers  is  now  a  body  of 
great  importance,  and  it  is  in  a  position  to  exercise  a  pronounced 
influence  upon  the  educational,  industrial  and  commercial  pro- 
gress of  this  country;  and  second,  that  few,  if  any,  other  organi- 
zations can  boast  of  greater  aggregate  intelligence  or  influence 
than  can  this  organization.  Its  members  are  in  touch  with 
nearly  every  class  of  people,  and  their  individual  work  and 
opinions  are  tmiversally  respected. 

This  paper  deals  with  the  researches  made  to  secure  a  greater 
knowledge  of  the  problems  which  underlie  the  methods  for 
transmitting  electrical  energy.  ir 

Had  my  time  permitted,  I  would  have  offered  to  the  Institute 
a  paper  at  a  much  earlier  date,  covering  the  various  methods 
for  the  transportation  of  energy  in  its  various  forms,  and  would 
have  attempted  to  show  the  relative  cost  of  transporting 
energy,  or  its  material,  by  various  means,  such  as :  (a)  electrical 
energy  by  transmission  at  high  voltage;  (b)  natural  gas  by 
means  of  pipe-lines;  (c)  coal  and  oil  by  rail;  (d)  oil  by  means 
of  pipe-lines;  (e)  steam  and  hot  water  by  means  of  pipe-lines. 

I  think  it  can  readily  be  demonstrated  that,  where  a  good 
load  factor  exists,  transportation  of  energy  can  be  secured  at 
the  lowest  possible  cost  by  means  of  electric  transmission. 

We  often  find  ourselves,  as  engineers,  greatly  handicapped 
by  the  sentiment  prevailing  amongst  bankers  and  investors  to 
whom  we  must  look  for  the  necessary  funds  to  finance  our 
undertakings.  Often  the  method  of  presentation  will  do  much 
to  influence,  favorably,  prejudiced  investors  capable  of  fur- 
nishing funds  for  the  enterprise. 

It  was  my  intention  to  show  that  these  so-called  ''long- 
distance transmissions  *'  constituted  a  problem  in  transportation 
which  could  be  reduced  to  the  same  terms  as  railroad  statistics— 
which  are  always  available — and  their  commercial  efficiency 
measured  by  a  comparison  therewith.  It  was  my  belief  that 
such  a  comparison  would  put  this  whole  field  of  work  on  a 
more  substantial  basis  in  the  minds  of  the  public  and  increase 
the  activity  in  this  line  of  work,  thus  greatly  increasing  our 
usefulness. 

As  my  own  time  will  not  permit,  and  as  there  are  many  men 
in  the  Institute  who  can  do  this  work  much  better,  I  am  taking 
the  liberty  of  suggesting  this  comparison  in  relation  to  the 
consideration  of  this  subject. 

I  believe  the  engineer,  and  the  engineering  organization,  have 
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been  undergoing  an  evolution  which  will  materially  change  their 
scope  of  usefulness.  The  engineer  must  now  know,  with  more 
or  less  intimacy,  other  lines  of  business;  and,  as  an  example, 
he  must  know  more  or  less  of  financial  methods  and  possibili- 
ties. He  must  often  interject  his  engineering  methods  into 
other  lines  of  work — in  fact,  it  is  remarkable  how  many  of  our 
general  business  matters  are  capable  of  solution  by  engineering 
methods  and  engineering  laws.  He  must  know  how  to  state 
his  conclusions  in  such  form  as  to  give  readily  a  clear  and  cor- 
rect impression  to  men  educated  in  other  lines  of  work.  The 
engineering  society  must  not  only  know  the  needs  of  its  own 
members,  but  must  know  how  to  influence  other  classes  of 
people  for  the  benefit  of  its  own  class. 

The  recent  conference  called  by  President  Roosevelt  for  the 
conservation  of  our  natural  resources  was,  to  my  mind,  a  great 
stroke  of  statesmanship ;  and,  using  this  occurrence  as  an  illus- 
tration of  my  preceding  statement,  it  seems  to  me  that  as  the 
members  of  the  Institute  represent  an  immense  sum  of  knowl- 
edge on  this  problem — which  we  all  recognize  is  a  matter  of 
national  importance — it  would  not  be  impertinent  for  the  organ- 
ization  to  imdertake  to  contribute  materially  to  the  solution  of 
this  problem  and  to  make  all  parties  in  interest  know  that  it  is 
in  a  position  to  do  so,  and  that  it  should  be  considered  as  an 
important  factor  in  this  work.  It  is  hard  for  me  to  refrain  in 
any  discussion  from  applauding  the  excellent  work  done  by 
this  Institute  in  recent  years;  and  I  avail  myself  of  every  oppor- 
tunity to  urge  that  it  do  still  more,  and  still  further  widen  its 
field. 

Regardless  of  the  other  contributions  made  by  Mr.  Mershon, 
I  want  to  point  out  particularly  that  he  has  demonstrated  that 
it  is  possible  to  secure  financial  support  for  practical  research 
work  of  this  character.  This  demonstration  may  prove  of 
greater  value  to  the  future  achievements  of  the  Institute  than 
any  specific  work  heretofore  presented  to  it.  I  strongly  urge 
that  the  Institute  should  place  on  record,  in  unmistakable 
terms,  its  appreciation  of  the  generosity  of  these  men,  and  that 
at  this  meeting  an  effort  be  made  to  point  out  to  everybody  that 
such  contributions  cannot  help  but  prove,  if  properly  directed, 
great  factors  in  our  industrial  progress  and  great  factois  in  the 
commercial  prosperity  of  this  country  as  a  whole. 

While  manj'-  may  believe  that  an  organization  of  this  sort 
should  attempt  to  exert  influence  only  over  its  own  members, 
here  is  an  excellent  example  of  how  it  may  exert  influence 
over  men  of  great  wealth,  who  are  willing  to  contribute  lib- 
erally to  our  research  work  if  it  promises  benefits  to  the  in- 
dustrial progress  of  the  coimtry.  It  seems  to  me  not  hard 
to  point  out  the  great  value  of  such  contributions. 

Elihu  Thomson:  Mr.  Mershon  some  time  ago  told  me  of 
some  of  his  results,  and  asked  me  if  I  could  make  any  sugges- 
tions   as    to    the    cause;    that    is,    as    to    the     actual    thing 


Digitized  by  VjOOQIC 


906  HIGH-VOLTAGE  MEASUREMENTS  [June  30 

happening;  if  I  could  suggest  some  physical  conception. 
Before  I  make  any  attempt  at  this — ^and  it  can  only  be  an 
attempt — I  should  say  that  there  is  true  gratification  felt  in 
finding  that  ftmds  can  be  at  times  available,  and  may  in 
the  future  be  more  frequently  available,  for  engineering 
research  as  distinguished  from  pure  scientific  research.  Yet 
the  results  of  the  paper  while  quite  practical,  as  applied  to 
transmission  lines,  have,  further,  germs  of  scientific  progress  in 
them — ^progress  along  the  lines  of  pure  science. 

I  will  not  take  the  time  to  discuss  in  detail  the  various 
matters  of  the  paper.  Perhaps  it  would  be  well  to  turn  to 
the  last  pages  and  take  up  the  final  conclusions,  and  note, 
if  we  can,  whether  the  results  appear  to  be  rational  or  not. 
The  **  critical  point  "  is  well  imderstood;  and  I  do  not  see, 
in  reading  over  Conclusion  1,  that  there  is  anything  to  be 
said  further;  there  is  a  certain  voltage  called  the  **  critical 
point "  at  which  a  very  appreciable  loss  begins,  and  that  point 
is  coincident  with  the  visual  manifestations,  corona,  or  decom- 
position, or  static  breakdown,  of  the  dielectric  surrounding  the 
conductor. 

Conclusion  2  reads,  **  That  there  may  or  may  not  be  an  ap- 
preciable loss  existing  below  this  critical  point,  depending  upon 
the  atmospheric  conditions."  It  seems  to  be  a  remarkable 
result,  where  no  visible  effect  can  be  foimd  arotmd  the  conductor, 
that  there  is  still  even  with  air  in  a  dry  condition,  a  notable 
loss. 

Conclusion  3  reads,  **  That  the  presence  of  floating  particles 
in  the  atmosphere  may  produce  a  loss  below  the  critical  point 
(Ryan)."  That,  I  think,  we  can  readily  imderstand;  the  par- 
ticles may  be  attracted  to  the  conductor,  and  may  be  the  means 
of  causing  a  diffusion  of  energy — they  may  be  pulled,  as 
it  were,  towards  the  conductor,  breaking  down  the  homogeneity 
of  the  dielectric  and  thus  causing  a  loss  of  energy. 

Then,  again,  we  read  in  Conclusion  4,  **That  the  presence  of 
moisture  in  the  atmosphere  may  produce  a  loss  below  the 
critical  point."  Here  we  find  that  Mr.  Mershon  has  given  us 
conditions  imder  which  the  moisture  produces  a  loss  depending 
apparently  on  the  amotmt  of  water  present  in  a  given  volume, 
that  is,  on  the  absolute  vapor  pressure  of  the  water  and  the 
condition  of  the  water  as  to  its  being  more  or  less  near  con- 
densation, or  whether  it  is  further  from  the  condition  of  con- 
densation or  nearer  to  it.  This  leads  us,  I  think,  to  the  consid- 
eration of  the  fact  that  water  vapor  just  above  its  vaporization 
point  cannot  be  considered  as  a  true  gas.  It  has  to  be  heated 
considerably  beyond  its  vaporization  point  to  become  a  true 
gas.  In  a  gas,  according  to  the  kinetic  theory,  the  molecules 
are  flying  about  and  colliding  in  all  directions;  they  have  a 
certain  velocity,  but  the  velocity  is  not  uniform,  some  molecules 
being  accelerated  beyond  the  mean  velocity  and  others  very 
definitely  retarded  below  the  mean   velocity.     Now,  when  a 


Digitized  by  VjOOQIC 


1908]  DISCUSSION  AT  ATLANTIC  CITY  907* 

liquid  is  near  condensation,  some  of  these  molecules  may  be 
robbed  almost  entirely  of  velocity,  but  we  know  that  if  this 
occurs  in  a  vapor,  such  as  water  vapor,  such  molecules  may 
be  considered  as  for  a  very  brief  time  in  the  liquid  state. 
Afterwards  they  are  again  separated  by  colliding  with  other 
molecules  at  higher  velocities.  In  other  words,  in  this 
instance  there, is  an  imstable  condition  in  the  gaseous  sub- 
stance, and  the  nearer  therefore  to  condensation,  or  the 
greater  the  humidity — ^relative  humidity — the  more  this  factor 
will  come  in;  the  state  of  some  small  fraction  of  the  water 
vapor  being  changed  from  that  of  a  gas  to  a  liquid.  A 
larger  number  of  molecules  are  then  in  a  state  of  quiescence, 
for  the  time  being,  or  in  the  state  of  water  for  a  very  short 
interval,  the  nearer  the  approach  to  condensation.  This  condition 
would  explain  why  the  vapor  product — if  our  theory  is  coirect — 
is  concerned.  According  to  the  result  obtained  by  Mr. 
Mershon  the  vapor  product  must  be  taken ;  not  only  the  amount 
of  vapor  water  present,  but  the  state  of  that  water.  The  num- 
ber of  molecules  of  water  vapor  so  condensed,  as  water — or  so 
losing  their  velocity  and  becoming  for  the  time  being,  only  in- 
stantaneously, more  or  less  liquid — would  be  greater  with  the 
greater  amount  of  water,  as  expressed  by  the  greater  vapor 
tension  of  the  water,  and  greater  also  the  nearer  to  the  point 
of  condensation,  or  the  greater  the  humidity.  We  must  infer 
from  this,  however,  that  the  molecules  of  water  in  the  quiescent 
condition  have  some  unusual  power  of  absorbing  energy;  that 
they  can  receive  energy,  can  be  accelerated  or  can  be  decom- 
posed or  driven  apart  by  absorbing  energy  from  the  conductor. 
This  action  might  go  on  invisibly,  it  might  simply  be  that  the 
water  is,  as  it  were,  electrically  evaporated  or  put  back  into 
its  high-velocity  condition  by  energy  expended.  This  view 
is  merely  put  forward  as  a  suggestion,  depending  on  the  validity 
of  our  ideas  of  the  action  of  molecules  of  gas;  bringing  together 
Conclusions  3  and  4,  '*  That  the  presence  of  floating  particles 
in  the  atmosphere  may  produce  a  loss  below  the  critical  point  " 
and  **  that  the  presence  of  moisture  in  the  atmosphere  may  pro- 
duce a  loss  below  the  critical  point." 

Conclusion  5  is  as  follows:  **  That  the  presence  of  moisture 
in  the  atmosphere  affects  the  loss  both  above  and  below  the 
critical  point."  I  think  this  would  naturally  follow  from  the 
other  idea,  that  the  more  water  the  more  loss  would  occur, 
even  above  the  critical  point;  that  the  particles  would  be  in 
condition  to  carry  away  more  energy,  on  the  assumption  that 
water  particles  have  an  exceptional  capacity  in  that  direction. 

Conclusion  6  is  as  follows:  "That  the  presence  of  moisture 
or  floating  particles  in  the  atmosphere  affects  the  position  of  the 
critical  point."  This,  again,  means  that  the  water  particles, 
or  the  moisture  particles,  would  act  as  a  sort  of  intermediary 
in  extending  the  influence  arotmd  the  conductor,  and  accen- 
tuating the  production  of  the  critical  point;  or  in  other  words, 
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the  water  would  be  more  readily  ionized  than  dry  air,  and 
become  the  medium  for  the  absorption  of  larger  amoimts  of  en- 
ergy, causing  dielectric  breakdown. 

Conclusion  7  reads:  **  That  the  critical  point  corresponds  to 
a  partial  breakdown  of  the  dielectric.*'  That,  of  course,  we  can 
readily  assume. 

Conclusion  8:  **  That  the  critical  point  coincides  with  the 
voltage  at  which  luminosity  or  hissing  (or  both)  of  the  con- 
ductors begins."  Either  the  sotind  or  the  luminosity  may  be 
an  index  of  the  breakdown — actual  sparking  into  the  dielectric, 
and  a  reversal  of  current  flowing  through  a  short  distance  with 
each  alternation,  and  naturally  this  would  be  equivalent  to  a 
high-resistance  leak  around  the  conductor,  causing  loss. 

Conclusions  9,  10,  and  11  are  as  follows: 

9.  **  That  the  critical  point  depends  upon  the  maximum  value 
of  the  electromotive-force  wave  and  the  distance  between  the 
conductors. 

10.  '*  That  the  critical  point  depends  upon  the  local  rate  of 
fall  of  potential  or  dielectric  stress  at  some  point  in  the  atmo- 
sphere and,  therefore,  depends  not  only  upon  the  maximum 
value  of  the  electromotive-force  wave  and  the  distance  between 
the  conductors,  but  also  upon  the  diameter  of  the  conductors 
(Ryan). 

11.  "  That  there  is  a  loss  over  insulators  which  is  affected  by 
the  moisture  conditions  of  the  atmosphere.*' 

I  do  not  think  there  is  much  necessity  for  my  commenting 
upon  these  conclusions.  They  seem  to  be  the  natural  results 
to  be  expected  and  are  fairly  well  known. 

Conclusion  12  reads:  "  That  the  variation  of  the  atmospheric 
loss  between  conductors,  the  variation  of  the  loss  over  insulators, 
and  the  variation  of  the  critical  point  due  to  the  moisture  con- 
ditions of  the  atmosphere,  bear  to  the  vapor  product  (i.e,,  the 
product  obtained  by  multiplying  the  vapor  pressure  by  the  rela- 
tive humidity)  a  definite  relation,  which,  so  far  as  it  is  at  present 
known,  is  an  empirical  one."  In  that  conclusion  we  come  to 
the  particularly  novel  point,  namely,  that  we  must  have  not 
merely  the  amount  of  moisture,  not  merely  the  saturation,  but 
we  must  multiply  together  the  amount  of  moisture  present,  or 
the  amount  of  water  vapor,  by  its  state  or  condition,  so  to 
speak,  which  I  have  above  suggested  as  that  of  more  or  less  im- 
perfect gas. 

Conclusion  13  reads:  **  That  the  loss  over  insulators  in  a  fog 
is  very  much  higher  than  the  loss  in  dry  air,  and  somewhat  higher 
than  that  in  a  heavy  rain."  This  can  be  easily  understood. 
If  the  whole  insulator  were  covered  with  water,  the  conduction 
over  the  upper  surface  of  the  insulator  would  undoubtedly  be 
greater  than  if  it  were  covered  with  fine  particles  of  water. 
Its  upper  surface  would  be,  in  other  words,  of  lower  resistance 
and  therefore  cause  less  loss  than  if  the  fog  settled  upon  the 
surface  and  made  it  a  very  high-resistance  surface. 
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Conclusion  14  reads:  **  That  the  smoother  the  surface  of  the 
conductor,  the  less  the  loss  and  the  higher  the  critical  point." 
We  would  be  naturally  ready  to  admit  this,  on  accoimt  of  the 
absence  of  projections  or  points;  but  15,  which  reads:  "That 
the  stranding  of  the  line  conductors  reduces  the  loss  and  raises 
the  critical  point  due  to  the  increase  of  the  equivalent  diameter 
of  the  conductor,"  seems  to  be  inconsistent  therewith.  With 
the  stranding  of  the  line  conductor  we  would  reach  a  limit,  of 
course,  very  soon.  The  continued  finer  and  finer  stranding 
would  not  give  a  continued  increase  in  real  diameter,  as  the 
spaces  between  the  wires  of  large  or  small  gauge  are  relatively 
the  same,  so  that  we  seem  to  be,  in  Conclusion  15,  roughening 
the  conductor  and  reducing  the  loss  thereby.  Conclusion  16 
reads:  **  That  the  increase  of  the  equivalent  diameter  of  the 
conductor  is  greater  the  greater  the  number  of  strands." 
Here  we  have  roughened  still  more  by  making  the  strands 
fine  and  thus  have  a  large  number  of  spiral  projections 
or  ridges  all  over  it,  and  yet  the  increase  of  equivalent  diameter 
is  greater;  whereas  under  Conclusion  14  it  is  said  that  the 
smoother  the  surface  of  the  conductor,  the  less  the  loss  and  the 
higher  the  critical  point.  These  things  seem  to  need  further 
investigation  and  some  explanation,  because  they  do  not  seem 
to  be  consistent.  One  can  imagine  that  the  stranding  could 
go  on  tmtil  the  conductor  was  covered  with  extremely  fine 
ridges,  and  then  we  should  consider  it  as  possessing  a  rough 
surface ;  not  an  irregular  roughness,  but  ridges  nevertheless. 

Conclusion  17  reads:  **  That  the  weathering  of  conductors  (or 
at  any  rate  the  aluminum  conductors  and  probably  copper  ones 
also)  does  not  appreciably  increase  the  loss  or  lower  the  critical 
point."  I  do  not  know  that  we  should  expect  to  find  any 
great  difference  between  conductors  of  aluminum  or  copper,  as 
referred  to  in  this  Conclusion,  or  that  a  slight  film  of  oxide 
would  have  any  particular  effect  on  the  losses. 

Conclusions  18  and  19  are  as  follows: 

18.  "  That  the  Iqss  and  critical  point  are  the  same  for  copper 
and  aluminum  under  the  same  conditions." 

19.  **  That  anything  which  increases  the  charging  current  of 
the  insulator  increases  the  loss  over  the  insulator." 

I  think  this  we  could  admit.  If  the  insulator  dielectric  were 
free  from  all  dielectric  hysteresis,  then,  of  course,  we  would  not 
exi>ect  Conclusion  19  to  hold,  but  with  ordinary  materials  it 
would  undoubtedly  be  true  that  the  loss  would  increase  with 
the  increase  of  the  charging  current.  It  would  hence  follow 
that  if  we  interpose  layers  of  air  between  the  insulator  pin  and 
the  wire  or  conductor,  and  these  layers  of  air  have  the  total 
effect  of  reducing  the  charging  current  very  considerably,  we 
may  save  some  loss  from  the  insulator.  On  the  other  hand,  if 
we  introduce  only  thin  or  moderately  thick  layers  of  air  which 
have  to  be  worked  across  by  blue  discharges,  or  anything  of 
that  sort,  then  of  course  we  increase  the  loss  by  dividing  the 


Digitized  by  VjOOQIC 


9ib  kiGH-VOLTAGE  MEASUREMENTS  [June  36 

insulation.  This  comes  directly  in  line  with  Conclusion  20, 
which  reads,  **  That  the  loss  over  an  insulator  on  a  wooden  pin 
is  greater  than  that  over  an  insulator  on  a  metal  pin,  because 
the  resistance  of  the  wooden  pin  is  in  series  with  the  charging 
current  of  the  insulator,'*  and  would  point  to  the  fact  that  if 
we  use  a  metal  pin  and  want  to  avoid  the  losses  as  much  as 
possible,  we  should  make  the  metal  pin  fit  the  insulator  very 
closely  by  some  sort  of  conducting  filling,  and  hot  have  any 
space  to  be  worked  over  by  discharges  ifrom  the  pin  to  the 
inside  surfage  of  the  insulator;  but  that  is  probably  not  of 
very  great  consequence. 

Conclusion  21  reads:  *' That  the  atmospheric  loss  between 
conductors  and  the  loss  over  insulators  decreases  with  the  fre- 
quency. The  law  of  the  decrease  is  not  at  present  accurately 
known.'*  I  think  this  might  naturally  be  expected,  as  the 
greater  frequency  would  stress  the  dielectric  more  times  per 
second,  although  a  single  long  wave  would  no  doubt  give  more 
loss  than  the  shorter  wave  of  equal  amplitude. 

Conclusion  22  reads:  '*  That  neither  the  critical  point  nor  the 
loss  between  cables  is  affected  by  variation  in  the  distance  of 
the  cables  from  the  ground."  I  suppose  this  follows,  because 
in  ordinary  cases  the  cables  are  at  such  distances  from  the 
ground  that  there  is  none  of  the  effect  of  incipient  brush  dis- 
charge and  increase  of  loss,  such  as  we  have  when  the  con- 
ductors themselves  are  near  together. 

I  have  to  say  in  regard  to  the  paper,  that  it  is  certainly  a 
very  interesting  and  valuable  one,  and  points  the  way  to 
further  useful  investigation. 

Samuel  Sheldon:  Professor  Barus,  at  Brown  University,  and 
members  of  his  department,  have  carried  on  very  extensive 
investigations  as  to  the  conditions  of  the  atmosphere  in  the 
vicinity  of  Brown  University,  in  Providence,  and  also  on  Block 
Island,  which  is  pretty  well  out  to  sea,  with  the  result  that 
he  finds  ions  always  present  in  the  atmosphere  at  both  places. 
Now  these  ions  each  have  upon  them  a  definite  charge  of  elec- 
tricity although  they  are  of  various  shapes  and  conditions. 
If  one  of  these  ions  be  placed  in  an  electrostatic  field  of  a  given 
intensity,  a  force  is  exerted  upon  it  which  is  equal  to  the  pro- 
duct of  the  charge  times  the  strength  of  the  field.  Townsend 
has  determined  that  under  a  given  set  of  conditions  a  very 
definite  and  measured  amoimt  of  energy  is  necessary  to  pro- 
duce by  impact  ionization  of  \m-ionized  or  non-ionized  particles. 

Under  given  atmospheric  conditions  there  is  an  average 
free  path  between  the  particles  that  may  come  into  collision; 
and  if  the  collision  represents  a  sufficient  amoxmt  of  energy, 
ionization  of  the  particle  that  is  struck  will  take  place.  The 
fact  that  energy  is  equal  to  half  the  mass  times  the  square  of 
the  velocity,  and  that  the  velocity  squared  is  twice  the  accelera- 
tion times  the  distance  through  which  the  particle  moves,  taken 
in  conjunction  with  the  fact  that  with  the  same  force  the  ac- 
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cele ration  is  inversely  as  the  nia^s,  shows  that  irrespective  of 
the  size  of  the  particles,  if  the  latter  move  over  the  same  dis- 
tances, imder  the  same  force,  they  will  arrive  at  the  end  of  these 
distances  with  the  same  energy.  If,  therefore,  they  come  into 
impact  and  the  field  has  been  sufficiently  strong,  ionization  will 
take  place.  There  will  result  more  ions  than  were  present 
before,  and  these  ^ain  will  set  up  further  ionization,  and  there- 
fore, ionization  will  spread  like  a  disease  in  a  field  of  sufficient 
intensity,  until  there  are  a  sufficient  number  of  ions  to  carry  a 
discharge  by  convection.  This  explains  many  of  the  results 
which  Mr.  Mershon  has  obtained. 

Henry  Floy:  While  the  Institute  is  certainly  to  be  felicitated 
on  being  the  medium  through  which  the  valuable  data  collected 
by  Mr.  Mershon  is  to  be  transmitted  to  the  engineering  world, 
and  while  Mr.  Mershon  is  to  be  congratulated  most  heartily 
at  the  happy  outcome  of  this  long  and  tedious  experimentation, 
there  is  another  fact  brought  out  by  this  paper  which  is  par- 
ticularly interesting  to  me,  one  .which  Mr.  Mershon  and  Mr. 
Doherty  have  alre^y  touched  on,  and  that  is  the  disinterested 
generosity  of  Mr.  J.  E.  Aldred,  Mr.  Frederic  NichoUs,  Mr. 
James  Ross,  and  Mr.  George  Westinghouse.  It  seems  to  me 
that  the  engineer  has  now  reached  a  point,  at  which  I  have 
long  hoped  he  would  arrive,  where  in  the  minds  of  com- 
mercial business  men  he  is  no  longer  considered  only  a  theorist 
and  scientist.  And  so  we  now  have  a  most  encouraging  ex- 
ample of  practical  business  men  entrusting,  in  an  unrestricted 
manner,  their  fimds  to  a  scientist  for  carrying  on  an  investi- 
gation in  his  own  way.  The  precedent  thereby  established 
seems  to  me  to  mark  an  era  in  the  engineering  world.  If  we 
can  only  encourage  men  of  financial  ability  to  subscribe  ftmds 
to  those  engineers  who  are  as  capable  as  Mr.  Mershon  is  to  origi- 
nate and  carry  out  a  series  of  tests  and  experiments,  we  have 
gone  a  long  way  in  advance  of  previous  achievement. 

The  results  and  conclusions  reached  by  Mr.  Mershon  are 
very  complete,  surprisingly  so  to  anyone  who  has  attempted  to 
carry  on  a  set  of  experiments  of  this  sort,  particularly  when  it 
is  realized  that  any  one  of  an  innumerable  number  of  accidents 
might  have  vitiated  the  entire  results. 

With  regard  to  the  deductions  made  by  Mr.  Mershon,  perhaps 
the  most  disquieting  in  the  whole  paper  is  the  one  shown,  for 
example,  by  the  curves  in  Fig.  43,  showing  the  relation  between 
the  critical  point  as  determined  by  his  experiments  and  those 
of  Professor  Ryan.  Mr.  Mershon  has  noted  that  his  critical 
voltages  are  about  sixty  per  cent,  of  Professor  Ryan's  results. 
This  difference  seems  to  me  most  extraordinary,  and  as  far  as  I 
know  Mr.  Mershon  has  not  offered  any  explanation  of  it.  I 
had  hoped  we  would  hear  from  Professor  Ryan  with  regard  to 
this  matter.  It  is  possible  that  part  of  the  difference  may  be 
accounted  for  by  the  failure  of  Professor  Ryan  to  have  accu- 
rately determined  the  points  of  luminosity.     As  I  imderstand 
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his  experiments,  his  critical  points  were  determined  mainly  by 
visual  observation,  and  if  he  did  not  fix  the  points  exactly  owing 
to  personal  equation  or  to  failure  to  carry  on  his  experiments 
in  a  room  absolutely  devoid  of  light,  his  voltages  would  be 
higher  than  Mr.  Mershon's,  who  determines  his  values  by  a 
continuation  of  the  lower  curve.  This  difference  in  method, 
however,  would  not,  apparently,  wholly  account  for  the  great 
difference  in  the  voltages  at  the  critical  points.  While  I  am 
unable  to  criticize  Mr.  Mershon's  method,  it  would  seem  as  if 
his  voltages  were  somewhat  low.  Turning  to  Fig.  43  and  as- 
suming the  vapor  product  of  0.4,  and  the  diameter  of  the  con- 
ductor as  one-quarter  inch,  we  find  that  the  critical  point  in 
kilovolts  is  75.  From  what  I  have  heard  of  the  line  at  Grand 
Rapids,  Michigan,  where  they  are  operating  at  75,000  volts,  and  at 
other  very  high-tension  installations,  luminosity  does  not  ap- 
pear on  those  lines.  It  may  be  that  the  conductors  are  more 
widely  separated  or  of  different  diameter,  or  that  the  vapor  product 
is  not  as  given  in  this  table ;  but  it  would  seem  as  if  in  the  course 
of  their  operation  there  would  be  some  fluctuation  in  the  voltage 
or  variation  in  conditions  so  that  luminosity  would  be  observ- 
able. Under  the  conditions  stated  by  Mr.  Mershon,  luminosity 
should  appear  at  75,000  volts. 

It  would  seem  as  if  further  investigation,  perhaps  by  some 
other  or  outside  party,  should  be  carried  on  to  determine  whether 
Mr.  Mershon's  results  can  be  absolutely  relied  upon,  or  whether 
the  figures  previously  given  by  Professor  Ryan  are  nearer 
correct.  It  would  be  unnecessary  to  repeat  the  experiment 
throughout,  but  simply  to  check  a  few  points  on  certain  curves. 
The  location  of  the  critical  point  is  certainly  a  very  vital  ques- 
tion with  engineers  who  are  designing  high-tension  lines. 

The  announcement  by  Mr.  Mershon  of  the  less  resistance  of 
wooden  pins,  as  compared  with  iron  pins,  is  certainly  astonish- 
ing to  most  of  us,  but  in  view  of  his  measurements  and  the 
explanation  given,  we  must  acknowledge  it  as  a  fact. 

In  regard  to  the  insulators,  Mr.  Mershon  apparently  tested  no 
suspension-type  insulators.  Of  course,  tests  of  these  insulators 
would  have  been  especially  interesting  at  this  time,  as  they  are 
coming  more  and  more  into  use.  Although  he  does  not  say  so, 
his  statement  indicates  he  has  learned  the  ideal  form  of  insulator 
for  a  given  voltage.  Perhaps,  in  another  paper,  he  will  give 
us  an  idea  as  to  the  form  of  the  insulator,  and  the  number  of 
petticoats  which  this  ideal  form  of  insulator  should  have,  for  a 
given  voltage. 

Chas.  P.  Steinmetz:  Mr.  Mershon  has  given  us  a  very  valu- 
able paper,  increasing  our  knowledge  of  what  takes  place  in 
conductors  when  they  reach  such  high  voltages  that  the  air 
surrotmding  them  ceases  to  be  insulating,  begins  to  break  down. 

He  has  proved  again  the  law  given  some  years  ago,  and  illustra- 
ted in  his  paper,  that  the  voltage  loss  is  a  curve  of  two  branches — 
one  at  lower  voltage,  of  very  small  loss,  and  the  second  branch 
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at  high  voltage,  rising  very  rapidly.  There  is  one  point,  how- 
ever, concerning  which  I  cannot  agree  with  him,  and  that  is 
the  method  of  determining  the  critical  point  as  the  point  where 
deviation  begins  from  the  lower  branch,  as  seen  in  Fig.  38. 
I  do  not  think  that  is  the  correct  critical  point.  We  must  ex- 
pect that  the  conductor  and  surroimding  conditions  are  not  ab- 
solutely imiform,  and  that  the  transition  from  one  condition 
to  another  one  can  only  be  gradual.  The  first  beginning  of  a 
brush  discharge  at  some  isolated  point,  some  kink  in  the  con- 
ductor, cannot  be  considered  as  the  voltage  where  the  break- 
down strength  of  the  system  has  been  reached  all  over  the  con- 
ductor, and  I  believe  this  feature  may  account  for  the  dis- 
crepancy between  Professor  Ryan's  and  Mr  Mershon's  results. 
I  also  agree  that  it  would  not  be  proper  to  take  as  the  critical 
point  the  point  where  the  upper  or  higher  curve  is  perfect. 
Theoretically  if  we  had  the  equations  of  the  lower  curve  in 
Fig.  38,  and  of  the  upper  curve,  the  point  of  intersection  would 
be  the  proper  critical  point.  This  would  be  at  higher  voltage 
than  that  assumed  by  Mr.  Mershon.  We  obviously  cannot  do 
this,  as  we  do  not  have  the  equations  of  the  two  curves;  and  by 
estimating  it,  by  continuing  such  curves,  it  is  very  difficult  to 
get  anywhere  near  accurate  results;  that  is,  results  from  which 
you  can  derive  numerical  values  of  the  breakdown  strength  of 
air. 

I  should  therefore  suggest  a  sUght  modification  of  the  method, 
which  may  give  accurate  results  or  may  not.  It  is  to  plot  the 
curve  in  Fig.  38  with  the  logarithm  of  the  ordinate  against  the 
logarithm  of  the  abscissa.  Both  branches  of  the  curve  may 
theoretically  be  expected  to  go  through  the  origin,  and  such 
curves  going  through  the  origin,  can  frequently,  at  least  within 
a  limited  range,  be  expressed  by  some  power  of  the  abscissas, 
that  is,  by  a  curve  of  the  equation :  y  =^  A  x^.  If  you  now 
plot  logarithm  y  against  logarithm  x,  you  get  a  straight  line. 
If  in  Fig.  38  you  were  to  plot  the  logarithm  of  the  ordinate  against 
the  logarithm  of  the  abscissa,  you  may  get  two  straight  lines, 
one  extending  up  to  70,000  volts,  and  the  other  extending  from 
80,000  volts  upwards,  connected  with  each  other  by  a  curved 
branch ;  and  where  you  have  straight  lines,  at  least  for  some  dis- 
tance, it  is  very  easy  to  extend  them  and  so  get  the  point  of 
intersection  very  sharply,  which  gives  the  critical  value  with 
much  greater  accuracy  than  it  can  be  derived  by  extrapolation 
from  the  original  curve.  It  all  depends  on  the  character  of  the 
two  curves,  whether  they  will  give  straight  lines  in  the  logar- 
ithmic representation  or  not,  but  it  is  quite  likely  they  may  do 
so,  or  at  least  the  deviation  from  the  straight  line  will  be  small, 
and  therefore  this  method  should  be  tried. 

While  the  results,  as  derived  here,  are  extremely  valuable 
in  showing  the  existence  of  the  critical  value,  we  really  want  to 
have  more  than  that.  We  would  like  to  get  the  exact  numer- 
ical value  of  that  critical  voltage,  and  compare  it  with  the  con- 
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ductor  diameter,  and  from  that  calculate  the  potential  gradient 
at  the  conductor  surface,  and  compare  it  under  different  condi- 
tions ;  and  also  compare  it  with  that  derived  from  the  striking  dis- 
tances with  needle  points,  where  you  get  the  analogous  effect. 
After  determining  numerically  the  breakdown  strength  of  air,  or 
its  breakdown  gradient,  very  many  of  these  features  could  be 
predetermined  theoretically  and  pre-calculated.  For  this  work, 
very  interesting  and  valuable  data  are  afforded  by  this  paper. 
We  all  agree  that  the  future  of  power  transmission  depends  on 
going  to  higher  and  higher  voltage,  and  you  see  that  the  loss 
of  powjer  from  the  line  increases  enormously  with  the  increase 
of  voltage  beyond  the  critical  point,  and  so  would  limit  the 
permissible  transmission  voltage.  Now,  if  we  know  how  this 
loss  depends  on  conditions  of  conductor  surface,  conductor 
diameter,  etc.,  it  would  be  a  question  of  engineering  design 
how  to  lay  out  the  conductors  of  the  transmission  line,  so  as 
to  be  able  t)  use  as  high  voltage  as  possible,  and  still  have  a 
negligible  static  loss  into  space. 

Percy  H,  Thomas:  There  are  two  broad  aspects  from  which 
this  paper  may  be  viewed :  first,  that  of  commercial  transmission 
work;  secondly,  that  of  the  scientist.  In  the  first  aspect,  what 
we  need  to  know  is  whether  this  loss  from  conductor  to  air  is 
going  to  actually  limit  the  development  of  power  transmission. 
I  think  we  can  say,  pretty  conclusively,  from  Mr.  Mershon's 
results,  that  for  the  immediate  future,  at  any  rate,  these  losses 
are  commercially  practically  negligible.  The  experiments  have 
been  so  carefully  made  and  their  results  so  carefully  stated, 
that  imless  some  very  extreme  conditions  arise,  they  will  not 
have  to  be  done  over. 

In  regard  to  the  scientific  aspect  of  the  paper,  there  are  a 
number  of  comments  which  I  would  like  to  make. 

I  was  very  much  interested  in  Dr.  Thomson's  explanation 
as  to  the  cause  or  the  physical  meaning  of  the  relation  between 
loss  and  vapor  product.  Personally,  I  had  not  been  able  to 
find  any  consistent  hypothesis.  His  explanation  seems  to  be 
very  reasonable.  I  ask  him  if  his  conception  as  to  the  manner 
in  which  the  molecules  or  minute  particles  of  water  act  is  as 
con  vectors  of  electricity? 

Elihu  Thomson:  They  absorb  energy  by  being  separated, 
again  by  re-evaporation.  The  mere  addition  of  energy  to  a 
perfect  gas  would,  of  course,  require  more  energy  to  accelerate 
the  molecules,  to  take  up  their  liquid  state;  and  we  know  it 
requires  considerable  energy  to  convert  this  condensed  or  par- 
tially condensed  product  into  a  gas. 

Percy  H.  Thomas:  As  in  the  case  of  the  pith-ball  and  charged 
disc? 

Elihu  Thomson:  It  may  act  as  a  convector  or  absorber, 
and  may  be  ionized  more  readily  also. 

Percy  H.  Tl)oma8:     That  seems  reasonable. 

This  loss  is  one  of  the  most  difficult  scientific  measurements 
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the  engineer  has  to  make — the  measurement  of  true  losses  at 
very  low  power  factor  and  high  tension.  The  method  thus 
becomes  of  extreme  importance.  Mr.  Mershon  has  taken  very- 
great  pains  to  get  a  good  method,  and  to  check  it  in  all  ways 
possible.  In  the  absence  of  further  data  I  do  not  see  any  rea- 
son to  expect  any  error  in  it,  but  I  do  not  feel  fully  convinced, 
by  his  check  measurements  alone,  that  he  has  eliminated  all 
possible  sources  of  error.  I  do  not  mean  to  say  I  suspect  any 
error,  but  I  do  not  quite  consider  these  checks  themselves 
wholly  conclusive. 

I  wish  to  suggest  another  method  of  making  these  measure- 
ments quickly,  which  I  have  tried,  and  which  I  consider  much 
simpler  in  many  ways.  This  is  an  old  method  for  high-tension 
measurements — the  use  of  the  quadrant  electrometer  as  a 
wattmeter.  Such  an  instrument  was  discussed  by  Miles  Walker 
in  a  paper  read  before  the  Institute  at  the  annual  convention 
in  1902.  under  the  title  of  "  The  Electrostatic  Wattmeter  in 
Commercial  Measurements."  The  description  of  certain  meas- 
urements made  with  this  wattmeter  will  be  foimd  in  a  paper 
presented  by  me  at  the  annual  convention  of  the  Institute  in 
1905,  entitled  **  The  Experimental  Study  of  the  Rise  of  Poten- 
tial of  Commercial  Transmission  Lines,  Due  to  Static  Disturb- 
ances Caused  by  Switching,  Grounding,  etc." 

One  other  suggestion.  Often  the  best  method  to  eliminate  a 
good  many  of  the  difficulties  is  to  use  a  large-capacity  ap- 
paratus. It  is  a  great  handicap  to  start  off  with  a  small  trans- 
former in  large  work,  as  it  is  necessary  to  correct  for  the  errors 
introduced  by  the  transformer  itself.  If  it  had  been  possible 
to  use  a  1,000-kw.  generator,  and  a  1,000-kw.  transformer,  a 
great  many  of  the  possible  causes  of  error  would  not  have  had 
to  be  considered. 

There  are  some  minor  points  I  would  like  to  bring  forward. 

I  would  Uke  to  ask  Mr.  Mershon  if  he  has  any  numerical  data 
on  the  actual  loss  during  a  rain  stonn? 

Some  of  the  vapor-product  series  are  straight  lines — those 
which  show  the  loss  on  insulators — and  others  are  given  as 
curves.  The  points  are  such  that  it  is  difficult  to  tell  whether 
they  should  be  drawn  as  curved  or  straight  lines.  Is  it  possible 
thev  should  all  be  drawn  as  straight  lines? 

The  losses  on  the  insulator  with  the  pin  and  without  the  pin 
are  given.  I  think  Dr.  Thomson  brought  out  the  point  there, 
that  the  discrepancy  may  be  due  not  only  to  the  greater  dis- 
tance the  charging  ctirrent  has  to  come  without  any  pin,  but 
to  the  presence  of  loss  in  the  dielectric  itself.  The  dielectric 
loss  may  be  the  cause  of  the  decreased  loss  with  the  pin  removed. 
•When  tiie  pin  is  in,  there  is  a  greater  concentration  of  potential 
on  the  head  of  the  insulator  than  in  the  other  case,  and  that, 
as  is  well  known,  may  cause  very  serious  losses  in  the  dielectric 
when  the  concentration  is  somewhere  near  the  puncture  point. 

There  is  another  difference  between  Mr.  Ryan's  method  and 
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Mr.  Mershon's,  if  I  remember,  Mr.  Ryan  projected  the  ver- 
tical part  of  the  loss  curve  down,  to  get  the  critical  point,  while 
Mr.  Mershon  estimates  the  point  of  tangency.  I  may  be  mis- 
taken, but  if  I  am  not,  there  should  be  quite  a  difference  in 
the  critical  point  obtained  from  the  same  curve  by  the  two 
methods,  and  each  method  should  be  judged  by  its  own  results. 
When  this  is  considered,  the  discrepancy  appearing  between 
Ryan's  and  Mershon's  curves  would  be  very  materially  reduced. 

I  would  like  also  to  ask  how  the  points  fall  on  the  loss  curve 
above  the  knee  of  the  curve.  The  points  given  do  not  nm  up 
aroimd  the  knee.  It  would  be  interesting  to  know  how  well 
they  fall  on  the  curve  above  the  knee. 

Ralph  D.  Mershon:     Fig.  22  gives  that. 

Percy  H.  Thomas:     That  is  just  around  the  knee? 

Ralph  D.  Mershon:    They  come  very  much  closer. 

Percy  H.  Thomas:  That  seems  to  me  remarkable.  It  would 
be  interesting  to  have  the  insulator,  A,  identified,  or  a  more 
complete  drawing  of  it  given.  That  is  the  insulator  which  shows 
the  least  loss. 

I  would  like  to  ask  also  whether  there  is  any  possibility  that 
the  losses  in  the  cords  from  which  the  wire  was  held  would 
affect  these  curves  at  all?  Of  course,  that  loss  is  pretty  small, 
but  if  the  cords  stayed  out  in  the  atmosphere  even  one  day, 
there  might  be  some  change. 

Ralph  D.  Mershon:  A  check  was  taken  on  the  cords  each 
time. 

Percy  H.  Thomas:  It  is  interesting  to  link  this  phenomenon 
with  the  usual  brush  discharge.  With  needle  points,  separated 
somewhere  near  the  sparking  distance  of  the  applied  voltage, 
there  is  a  strong  brush  discharge,  and  there  is  an  enormous 
loss.  If  the  distance  is  not  too  small — say  three  feet — the 
sparking  distance  will  be  almost  the  same  with  point  terminals 
as  with  spheres  or  other  large-diameter  terminals.  This  result 
is  different  from  the  results  which  are  given  in  Mershon 's  curve, 
which  we  still  believe  to  be  right,  wherein  the  smaller-diameter 
conductors  show  a  much  larger  loss  than  the  larger  conductors. 
These  two  results  must  certainly  be  consistent,  and  probably 
indicate  a  loop  curve  in  the  form  shown  in  the  figure.  If  we 
have  transmission  lines  separated  say  29  in.,  as  the  closest 
distance  we  have  in  the  paper,  the  loss  with  different  size  con- 
ductors varies  considerably,  but  with  any  given  conductor  will 
increase  as  the  distance  is  decreased,  tintil  pimcture  finally 
occurs.  I  imagine  we  can  draw  the  loss  curve  for  a  small  con- 
ductor as  the  voltage  increases,  as  shown  somewhat  by  the 
full  line.  For  a  larger  conductor  the  loss  does  not  start  at  so 
low  a  voltage,  but  it  does  rise  in  the  end  as  shown  in  the  dotted  . 
line,  and  judging  from  the  fact  just  stated  that  needle  points 
and  spheres  have  equal  piu^cture  distances,  these  two  curves 
approach  each  other.  The  explanation  probably  is  that  as 
the  smaller  conductor  begins  to  discharge  actively  the  strain 
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is  transferred  from  the  conductor  itself  to  the  region  of  air 
sxound  it,  and  is  then  restrained  there.  At  a  little  higher 
voltage,  or  closer  distance,  the  larger-diameter  conductor  begins 
to  discharge  current,  and  is  then  on  an  equality  with  the  smaller. 
After  this  critical  starting  point  is  once  reached,  it  is  the  con- 
vective  resistance  of  the  air  which  determines  the  leakage  to 
the  air.  If  this  hypothesis  turns  out  to  be  true,  it  will  prob- 
ably be  found  that  the  loss  curves  for  the  smaller  and  the  larger 
conductors  approach  each  other  as  the  pimcture  points  come 
nearer  and  nearer.  Of  course,  that  is  beyond  any  practical 
limit  for  commercial  work. 


P.  M.  Lincoln:  A  question  has  occurred  to  me  the  answer 
to  which  I  do  not  find  in  the  paper — ^and  that  is,  the  question 
as  to  the  influence  of  the  potential  of  the  ground  with  respect 
to  the  potential  between  wires.  Mr.  Mershon's  curves  are  all 
plotted  with  reference  to  the  potential  between  the  wires.  If 
he  was  working  with  a  single  phase,  as  I  assume  he  was,  then 
the  groimd  potential  may  safely  be  assumed  as  half  the  potential 
between  wires.  However,  in  a  three-phase  system  the  poten- 
tial to  grotind  does  not  remain  one-half  of  the  potential  be- 
tween wires,  but  approximately  58  per  cent,  of  it.  The  ques- 
tion occurs  to  me,  whether  or  not  this  difference  of  potential 
has  any  effect  on  the  loss  which  will  take  place  in  these  wires. 
Again,  in  case  a  three-phase  system  becomes  groimded,  what 
effect  does  that  have  on  the  loss?  Will  the  loss  be  decreased 
or  increased?  The  potential  between  the  wires  will  remain  the 
same,  but  the  potential  of  the  conductors  to  ground  will  be  very 
different.  That  is  quite  an  important  question,  and  has  an 
important  practical  bearing. 

Carl  Hering:  While  at  Niagara  Falls  some  ten  or  a  dozen 
years  ago  I  noticed  a  phenomenon  which  may  have  some  bearing 
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on  a  point  raised,  in  the  paper,  and  touched  on  by  Professor 
Thomson  and  Dr.  Sheldon,  namely,  a  possible  loss  of  energy 
into  the  space  surrounding  the  high-tension  transmission  wires. 
I  was  riding  on  a  steam  train  which  was  close  to  the  high-tension 
transmission  lines,  and  the  smoke  or  steam  from  the  locomotive 
passed  across  these  lines.  As  it  crossed  the  wires,  I  noticed  that 
it  formed  itself  into  circular  rings  arotmd  the  wires  as  centers. 
Presumably  they  were  hollow  cylinders,  but  I  could  see  only 
the  ends,  which  were  circles.  It  was  quite  a  striking  phenom- 
enon. I  called  it  to  the  attention  of  a  number  of  those  near 
me,  and  they  all  perceived  it.  It  was  at  the  time  of  one  of 
our  conventions.  It  seems  to  me  this  shows  at  least  two  things, 
namely,  that  some  phenomenon  takes  place  requiring  energy,  to 
arrange  the  smoke  into  rings,  and  that  this  energy  must  come 
from  the  wires,  and  therefore  represents  a  loss;  it  may  be  trifling, 
but  it  is  a  loss. 

Chas.  F.  Scott:  Mr.  Mershon's  paper  deals  with  certain  large 
and  fundamental  questions  and  combines  in  a  very  beautiful 
way  the  scientific  and  the  engineering.  It  records  a  research 
into  imknown  fields — ^not  a  simple  measurement  of  some  facts 
pretty  well  outlined  beforehand,  but  an  investigation  into  an 
unknown  field  where  imexpected  results  have  been  obtained. 
The  imexpected  very  often  appears,  at  first,  to  be  the  erratic. 
If  the  points  do  not  fall  on  the  curve  properly,  it  seems  at  first 
that  there  are  probably  some  errors  of  measurement,  or  instrumen- 
tal errors.  The  errors  of  observation  having  been  eliminated,  and 
the  discrepancy  still  occurring,  then  it  is  necessary  to  look  for 
some  new  factor.  Mr.  Mershon  intimates  some  of  the  troubles 
he  had  in  discovering  these  new  and  erratic  elements,  and  it 
seems  to  me  that  one  of  the  most  beautiful  things  in  the  paper 
is  the  manner  in  which  he  set  about  to  discover  what  was  the 
matter  with  the  vapor.  He  was  pretty  sure  beforehand  that 
the  vapor  had  not  anything  to  do  with  the  case.  His  former 
tests  and  Professor  Ryan's  tests  had  apparently  established  the 
fact  that  the  vapor  was  not  a  variable  factor,  but  when  he 
finds  troubles,  he  begins  to  investigate  as  to  the  vapor.  He 
does  not  know  what  the  law  is,  but  he  sets  his  assistants  to 
work  to  make  all  sorts  of  new  combinations  of  vapor  constants, 
and  they  finally  fall  upon  one  which  seems  to  accoimt  for  and 
explain  the  phenomena  observed.  The  law  may  admit  of 
scientific  explanation,  and  in  short  be  quite  obvious  now  that 
it  has  been  discovered.  The  point  I  want  to  make  is  that  Mr. 
Mershon  worked  in  the  dark,  and  worked  with  no  guide,  and 
he  finally  came  across  this  **  obvious  "  conclusion. 

Another  thing  is  brought  out  in  the  same  connection — k 
matter  which  can  be  worked  out  in  the  laboratory,  and  meas- 
ured under  laboratory  facilities  and  laboratory  conditions,  may 
unfortunately,  and  sometimes  in  a  very  discouraging  way, 
prove  ineffectual  and  incomplete  when  it  gets  out  on  a  prac- 
ticaltransmission  line.     Lightning  arresters  may  be  cited,  and 
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observations  and  measurements  like  those  of  Professor  Ryan — 
not  because  the  laboratory  may  not  have  gone  as  far  as  it  could, 
but  because  it  cannot  anticipate  all  the  outside  conditions. 

This  paper,  and  the  things  it  deals  with,  are  fimdamental, 
because  they  set  certain  limits  to  electric  power  transmission. 
Mr.  Mershon  in  another  paper,  which  he  worked  out  with  great 
elaboration  some  two  years  ago,  sets  forth  the  economic  voltage 
to  be  applied  for  transmission  to  different  distances,  and  the 
size  of  conductor  which  would  be  used  in  transmitting  power 
to  different  distances  with  the  greatest  economy.  It  happens 
that  the  diameters  of  conductors  to  be  used  with  certain  volt- 
ages, at  certain  distances,  all  fell  within  the  limits  of  loss.  For 
example,  a  wire  half  an  inch  in  diameter  was  determined  by 
Professor  Ryan  to  have  a  loss  beginning  at  a  certain  critical 
voltage.  Mr.  Mershon  found  it  was  not  desirable  to  use  that 
wire  at  that  voltage,  but  at  a  lower  voltage.  That  seems  to  be 
a  happy  circumstance.  It  would  be  quite  unfortunate  if  it 
were  necessary,  for  example,  to  use  a  wire  an  inch  in  diameter 
to  avoid  loss  at  25,000  volts. 

Now^,  Mr.  Mershon  has  unfortunately  changed  one  set  of 
these  constants,  the  critical  voltages  for  wires  of  different 
diameter,  and  I  am  not  sure  from  my  recollection  of  the  other 
paper  whether  he  can  now  use  the  diameters  of  conductors 
which  he  foimd  in  his  paper  on  transmission  economics  were 
desirable.  If  he  can  touch  on  that  in  his  r6sum6,  it  will  be 
quite  interesting. 

This  brings  into  prominence  another  point,  the  difference 
between  aluminum  and  copper.  He  says  in  his  Conclusion  18 
that  **  The  loss  and  critical  point  are  the  same  for  copper 
and  aluminum  under  the  same  conditions."  That  statement 
refers  presumably  to  the  same  conditions  of  diameter,  and 
not  of  conductivity,  so  that  in  practical  work  there  may  be  a 
very  marked  difference  between  the  use  of  the  two  metals, 
favorable   to   aluminum. 

This  paper  marks  another  chapter  in  an  interesting  history 
which  has  been  going  on  in  the  Institute  Transactions  for  the 
past  ten  years.  To  give  a  r^sum^  for  a  moment — sl  dozen  years 
or  more  ago,  when  large  transformers  of  high  voltage  seemed 
to  be  sbmethiog  in  the  future,  a  high-voltage  transformer 
giving  40,000  volts  was  made  for  the  testing  of  insulators  and 
for  a  general  investigation  into  imknown  regions  of  high  voltage. 
In  these  tests,  made  at  Pittsburg,  some  small  wires  were  strung 
four  or  five  inches  apart,  which  showed  a  critical  point,  a  very- 
decided  critical  point,  at  which  the  wires  began  to  give  mani- 
festations in  three  different  ways,  appealed  to  three  different 
senses:  to  the  eye  by  the  corona  and  halo  aroimd  the  wire, 
manifested  in  the  dark;  to  the  ear  by  sound,  and  to  the  sense 
of  smell  by  the  odor  of  ozone,  or  something  of  that  character. 
These  three  indications  began  to  manifest  themselves  at  a  cer- 
tain voltage  which  could  be   read  very  closely  on  the  voltmeter, 
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and  the  manifestations  could  be  repeated  in  successive  tests. 
Mr.  Nunn  was  in  Pittsburg  about  that  time.  He  was 
then  operating  the  oldest  high-tension  single-phase  trans- 
mission, and  was  very  much  interested  in  these  tests,  and 
urged  that  tests  of  that  kind  be  continued  out  at  Telluride, 
offering  the  facilities  of  the  power  plant  with  the  facilities  of 
the  apparatus  and  assistants  and  observers  which  were  furnished 
from  the  east.  A  little  later  Mr.  Mershon  did  the  work  which 
has  been  recorded  in  the  Institute  Transactions,  to  which  he  has 
referred  this  evening.  Professor  Ryan  became  interested  in 
these  results.  He  wanted  to  get  a  scientific  explanation,  a 
law,  and  he  carried  on  a  very  beautiful  set  of  experiments 
which  have  been  recorded  in  the  papers  which  he  has  read  and 
to  which  Mr.  Mershon  has  referred. 

Mr.  Mershon  has  taken  up  the  subject  again,  and  has  been 
able  to  draw  some  new  conclusions.  I  think  it  is  hardly  worth 
while  to  add  to  the  endorsements  which  have  already  been 
given  to  research  work  of  this  kind,  which  imites  so  closely 
the  scientific,  the  engineering,  and  the  commercial.  We  can 
hardly  realize  the  difficulties  which  Mr.  Mershon  has  encountered. 
He  has  alluded  to  them,  with  that  little  smile  of  disgust  which 
he  had  a  while  ago,  when  he  referred  to  the  fact  that  he  had 
to  throw  away  some  six  months'  tests,  because  something  had 
been  overlooked ;  but  all  of  us  who  know  Mr.  Mershon  and  have 
known  him  for  years  back,  realize  his  persistence.  He  does 
not  stop  at  any  ordinary  obstacles. 

A.  E.  Kennelly:  While  desiring  to  add  my  tribute  to  the 
great  merit  and  value  of  the  paper,  I  would  like  to  ask  a  ques- 
tion about  a  point  that  seems  difficult  to  understand.  I 
refer  to  the  effect  of  stranding  the  conductor  upon  the  critical 
voltage.  If  I  tinderstand  Figs.  39  and  42  correctly,  the  relation 
between  critical  voltage  and  outside  diameter  of  the  conductor 
is  substantially  the  same  for  the  solid  wires  and  for  the  seven- 
strand  wires.  When,  however,  we  come  to  19-strand  and  37- 
strand  wires,  there  is  a  departure  from  the  relation,  and  the 
critical  voltage  increases  as  though  the  diameter  of  the  multiple- 
strand  wire  had  been  enlarged.  In  other  words,  do  I  xmder- 
stand  the  results  correctly  in  deducing  that  the  effect  of  strand- 
ing is  only  shown  in  19-strand  and  37-strand  wires;  and  is  not 
shown  in  seven-strand  wires,  which  behave  like  solid  con- 
ductors? 

Ralph  D.  Mershon:  Apparently  the  seven-strand  conductor 
is  equivalent  to  the  solid,  for  the  same  extreme  diameter,  but 
No.  7  is  19-strand  and  No.  8  is  37-«trand. 

A.  E.  Kennelly:  That  is,  the  difference  begins  between  seven 
strands  and  nineteen  strands. 

Ralph  D.  Mershon:  Dr.  Kennelly's  imderstanding  is  in  part 
correct  and  partly  in  error.  The  effect  of  stranding  is  shown 
in  a  seven-strand  cable.  The  effective  diameter  of  a  seven-strand 
cable  (that  is,  the  diameter  as  regards  critical  point)  is  apparently 
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that  corresponding  to  the  diameter  of  a  solid  conductor  whose 
diameter  is  equal-  to  the  outside  diameter  of  the  seven-strand 
cable.  The  outside  diameter  of  a  seven-strand  cable  is  greater 
than  the  outside  diameter  of  a  solid  conductor  having  the  same 
carrying  capacity.  The  effect  of  stranding,  therefore,  in  a 
seven-strand  cable  is  to  increase  the  effective  diameter.  "W^en 
however,  the  cable  has  more  than  seven  strands,  the  effective  diam- 
eter is  apparently  greater  than  that  of  a  solid  conductor  having 
the  same  diameter  as  the  extreme  outside  diameter  of  the 
cable.  In  other  words,  the  seven-strand  cable  appears  to  have 
an  effective  diameter  greater  than  that  of  a  conductor  having 
the  same  carrying  capacity,  and  equal  to  that  of  a  solid  conductor 
having  a  diameter  equal  to  the  extreme  diameter  of  the  seven- 
strand  cable ;  while,  with  more  than  seven  strands,  not  only  is  the 
effective  diameter  greater  than  that  of  a  solid  conductor  having 
the  same  carrying  capacity  as  the  cable,  but  it  is  even  greater 
than  the  extreme  diameter  of  the  cable.  Why  this  should  be 
the  case  I  am  unable  to  conjecture,  \mless  it  be  that  the  smaller 
the  strand  used,  the  smoother  and  more  polished  the  surface 
of  the  strand,  because  of  the  greater  number  of  times  it  has  been 
drawn  through  the  die.  Now,  we  know  that  the  smoother  the 
surface  of  a  solid  conductor,  the  higher  is  the  critical  point,  and 
it  may  be  that  while  the  corrugations  on  the  surface  of  the 
cable,  due  to  stranding,  are  too  large  to  amoimt  to  roughness, 
the  smoother  surface  of  the  individual  strands  is  effective  in 
increasing  the  critical  point. 

Before  replying  to  the  other  speakers  I  wish  to  ask  Dr. 
Thomson  with  reference  to  Fig.  40,  to  see  whether  he  has 
any  suggestions  to  make  in  regard  to  that  part  of  the  subject. 

Elihu  Thomson:  It  is  simply  a  question  of  the  advisabiUty 
of  carrying  to  extremes  the  tests  that  are  there  shown.  Quoting 
from  the  paper:  **  In  F^.  41  corresponding  results  have  been 
obtained  for  different  sizes  of  conductors  at  the  same  spacing. 
Here  again,  the  residual  differences  do  not  differ  widely,  except 
at  the  high  voltages  where  the  loss  is  very  sensitive  to  any 
change  of  condition,  such  as  smoke,  etc.  On  comparison  also 
it  will  be  seen  that  the  residual  differences  are  about  the  same 
in  the  two  figures.  Apparently,  therefore,  the  increase  of  loss 
due  to  the  increase  of  vapor  in  the  atmosphere  is  the  same  for 
the  same  vapor  product,  no  matter  what  the  size  of  conductor 
or  what  the  spacing  between  conductors.  Why  this  should  be 
the  case,  I  am  unable  to  conjecture,  any  more  than  I  am  able 
to  arrive  at  any  rational  explanation  of  the  relation  between 
loss  and  vapor  product."  It  seems  to  me  it  would  be  desirable 
that  these  tests  be  carried  to  extremes,  to  see  whether  the 
condition  pointed  out  will  hold  through  much  wider  ranges. 

W.  L.  Waters  (by  letter) :  I  think  Mr.  Mershon's  paper  on 
the  losses  in  high-voltage  overhead  wires  and  insulators  is  the 
most  important  paper  which  has  been  presented  to  the  Institute 
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this  year.  Only  those  who  have  undertaken  similar  investiga- 
tions realize  the  amount  of  work  which  is  entailed  in  such  an 
investigation.  Mr.  Mershon  is  greatly  to  be  complimented  on 
the  perseverance  and  skill  with  which  he  has  continued  the 
investigations  which  he  began  twelve  years  ago. 

There  is  just  one  point  which  I  wish  to  discuss  in  connection 
with  this  paper,  and  that  is  the  general  question  of  insulator 
loss.  Mr.  Mershon  finds  that  the  insulator  loss  is  considerably 
greater  with  wooden  pins  than  with  iron  pins,  and  the  explana- 
tion of  this  fact  given  by  him  does  not  altogether  explain  why 
we  get  much  better  results  with  some  insulators  with 
wooden  pins  than  with  iron  pins.  Mr.  Mershon  in  his  explan- 
ation considers  the  insulator  as  a  condenser  of  infinite  resis- 
tance in  series  with  the  resistance  of  the  wooden  pin.  As 
a  matter  of  fact,  however,  the  insulator  has  not  an  infinite 
resistance,  and  under  some  conditions  can  have  a  comparatively 
low  resistance.     A  more  exact  way  would  be  to  consider  the 


Fig.  1 


insulator  as  a  condeaser  vith  a  considerable  amoimt  of  leakage, 
in  series  with  an  ohmic  resistance.  There  is  leakage  between 
the  various  parts  of  the  insulator,  both  through  the  material 
of  the  insulator  and  over  the  surface.  Assuming  this  state  of 
affairs,  the  correct  diagram  is  shown  in  the  accompanying 
sketch,  in  which  I  have  taken  the  system  as  consisting  of  a  high 
ohmic  resistance  shunted  at  various  points  by  condensers. 
We  see  from  the  vector  diagram  that  the  ohmic  drop  in  the 
wooden  pin  is  not  in  quadrature  with  the  terminal  voltage  but 
makes  a  smaller  angle,  say  45  deg.  or  60  deg.,  with  it,  conse- 
quently the  voltage  on  the  insulator  is  appreciably  lowered  by 
the  use  of  the  wooden  pin,  as  shown  in  the  vector  diagram. 
The  voltage  from  line  to  groimd  is  O  E^  while  the  voltage  on 
the  insulator  is  O  E,,  so  we  can  understand  why  an  insulator 
which  will  stand  up  satisfactorily  with  a  wooden  pin  may  not 
be  able  to  stand  up  under  the  increased  voltage  to  which  it 
would  be  subjected  when  used  with  an  iron  pin.     Of  course, 
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it  is  impossible  to  say  just  how  much  the  voltage  would  be  re- 
duced, in  any  individual  case,  without  making  measurements. 
Probably  Mr.  Mershon  has  figures  from  which  he  can  calculate 
the  reduction  in  voltage.  The  ohmic  loss  in  the  wooden  pin  is 
Cj'  Ri  and  the  magnitude  of  this  loss  will  decide  whether  there 
will  be  any  trouble  due  to  overheating  of  the  pin ;  and  the  var- 
iable resistance  of  the  pins  oji  the  line  will  accoimt  for  the  fact 
that  some  pins  give  trouble,  due  to  burning,  while  others  do  not. 
It  will  be  seen  from  the  above  that  the  capacity  and  ohmic 
resistance  of  the  insulator,  and  the  ohmic  resistance  of  the  pin, 
together  decide  the  success  of  the  wooden  pin  in  any  particular 
case,  and  I  would  suggest  that  on  accoimt  of  the  experience 


gained  from  Mr.  Mershon's  tests  that  Mr.  Skinner  add  to  his 
insulator-testing  specifications  a  clause  requiring  measurement 
of  the  average  ohmic  resistance  and  electrostatic  capacity  of 
the  insulators,  and  the  ohmic  resistance  of  the  pins  when  of 
wood.  These  values  could  probably  be  determined  without  much 
trouble,  when  the  insulators  are  tested  in  large  numbers,  and 
after  we  have  a  little  more  experience  in  regard  to  actual 
figures  they  would  give  us  some  idea  as  to  the  probable  success 
of  the  insulators  and  pins. 

N.  M,  Snyder  (by  letter):  From  observation  and  personal 
experience  I  concur  with  Mr.  Mershon — especially  in  his  Con- 
clusions 13  and  14. 

I  also  believe  that  the  loss  over  insulators  by  moisture  may  be  re- 
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duced  materially  by  a  change  in  design,  and  Conclusion  14,  for  ex- 
ample— the  smoother  the  surface  of  a  conductor  the  less  the  loss 
and  the  higher  the  critical  point — seems  to  suggest  a  remedy. 
It  is  quite  true,  that  a  point  or  number  of  points  on  a  highly  charged 
body  will  dissipate  a  charge  more  quickly  than  if  the  body 
were  entirely  smooth ;  and  by  a  series  of  tests  we  find  that  a  charge 
will  remain  on  the  exterior  rather  than  in  the  interior  of  a 
conductor. 

Now,  then,  by  so  designing  an  insulator  as  to  give  the  main 
feature  the  shape  of  a  cone,  as  shown,  to  give  a  protection  to 
the  petticoat  and  pin  from  rain,  the  insulator  would  have  the 
advantage  that  the  surface  would  be  comparatively  free  from 
points  to  radiate  a  discharge,  and  also  that  the  inner  petticoats 
would  be  protected  to  a  certain  extent  from  moisture,  coal-smoke 
deposits,  etc.  By  this  arrangement  I  believe  additional  benefits 
may  be  derived. 

Ralph  D.  Mershon:  Before  replying  to  the  technical  points 
raised,  I  desire  to  emphasize  the  appreciation,  already  expressed 
in  my  paper,  of  the  generosity  of  those  who  contributed  to  the 
expenses  of  this  work;  and  to  express  my  gratification  at  the 
expressions  of  like  appreciation  which  have  come  from  the 
various  speakers  this  evening.  It  is  to  be  hoped  that  the  engi- 
neering profession  may  be  benefited  by  similar  contributions 
in  the  future. 

The  interest  which  Professor  Thomson  has  taken  in  this 
matter,  and  the  thoroughness  of  his  discussion  are  very  gratify- 
ing, especially  as  he  has  thrown  a  great  deal  of  light  upon  the 
relation  between  loss  and  **  vapor  product."  In  fact,  it  seems 
to  me  most  probable  that  his  explanation  of  this  relation  is  the 
correct  one. 

Mr.  Floy  has  brought  up  the  question  as  to  why  the  critical 
points  obtained  by  me  differ  from  those  obtained  by  Professor 
.Ryan.  I  think  that  his  suggestion,  especially  if  extended  a  little 
further,  may  largely  account  for  this  difference.  Professor 
Ryan  determined  his  critical  points  by  the  criterion  of  luminosity. 
There  might  have  been,  as  suggested  by  Mr.  Floy,  an  error  in 
this  method  of  determination,  due  to  the  personal  equation, 
and  to  the  conditions  under  which  observations  were  made. 
But  there  is  another  possibility.  Luminosity  would  require  a 
certain  definite  amount  of  loss;  that  is,  it  would  be  necessary 
to  be  a  certain  distance  above  the  critical  point  before  luminosity 
would  occur,  and  it  may  be  that  it  is  necessary  to  go  quite 
appreciably  beyond  the  critical  point  before  the  wires  are  lumi- 
nous. There  are  two  other  considerations  also  which  might, 
in  part,  account  for  the  difference.  One  of  these,  touched  upon 
by  Dr.  Steinmetz,  and  which  I  shall  refer  to  again,  is  that  Pro- 
fessor Ryan  in  his  experiments  undoubtedly  realized  the  con- 
dition of  a  conductor  having  a  uniformly  smooth  surface  a  great 
deal  closer  than  it  would  be  possible  to  realize  this  in  a  trans- 
mission line.     The  other  is  that  Professor  Ryan's  experiments 
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were  made  under  such  conditions  as  would  give  him  as  nearly 
uniform  density  of  charge  on  the  surface  of  the  conductor  as  it 
is  possible  to  obtain.  Now,  if  instead  of  making  the  measure- 
ments between  a  conductor  and  a  cylinder  which  surrounds 
it,  they  are  made  between  two  conductors,  there  is  not  a  uniform 
distribution  of  charge  on  the  surfaces  of  the  two  conductors.  It 
is  true  that  when  the  distance  between  the  conductors  is  great 
as  compared  with  their  diameters,  the  charge  is  very  nearly 
uniform,  but,  nevertheless,  it  is  not  exactly  uniform,  the  density 
being  very  slightly  greater  on  those  portions  of  the  conductors 
opposed  to  each  other.  This  difference  of  charge  means  an  in- 
creased rate  of  fall  of  potential,  which  increase,  though  very 
slight,  would  aid  somewhat  in  lowering  the  critical  point,  and, 
therefore,  in  the  discrepancy  in  results. 

Dr.  Steinmetz  has  said  that  the  critical  point  as  determined 
in  my  paper  is  not  the  true  critical  point,  for  the  reason  that 
the  conductor  and  surrounding  conditions  are  not  absolutely 
uniform;  that  the  first  beginning  of  a  brush  discharge  will  be  at 
some  isolated  point,  some  kink  in  the  conductor,  and  that  the 
voltage  at  which  this  occurs  cannot  be  considered  as  the  voltage 
where  the  breakdown  strength  of  the  system  has  been  reached 
all  over  the  conductor.  The  point  Dr.  Steinmetz  raises  is  a  very 
interesting  example  of  the  difference  between  engineering  in- 
vestigation and  scientific  investigation.  The  critical  point  I 
have  determined  in  my  paper  is  the  engineering  critical  point 
of  a  transmission  line,  and  is  the  critical  point  with  which  trans- 
mission engineers  are  concerned.  The  critical  point  of  which 
Dr.  Steinmetz  speaks  is  the  scientific  critical  point,  and  while 
it  is  very  desirable  to  have  it,  after  it  has  been  obtained,  it  will 
be  impossible  to  make  use  of  it  in  transmission  practice  until 
there  has  been  determined  the  corrective  factor  necessary  to 
account  for  the  "  kinks  "  and  **  surrounding  conditions  "  which 
will  exist  in  practice.  I  quite  agree  with  Dr.  Steinmetz  that  it 
is  very  interesting  and  very  desirable  to  have  the  scientific 
critical  point,  but  I  maintain  that  for  transmission  purposes  the 
critical  point  as  I  have  derived  it  is  the  one  most  immediately 
desirable  and  which  we  must  have  in  any  case.  It  is  possible 
for  us  to  get  along  without  the  scientific  critical  point,  but  the 
engineering  critical  point  is  absolutely  necessary.  Later  on, 
I  expect  to  continue  this  work,  and  at  that  time  I  shall  endeavor 
to  obtain  the  scientific  critical  point. 

Dr.  Steinmetz  also  takes  exception  to  the  method  I  have 
employed  for  determining  the  critical  point;  that  is,  by  extending 
the  lower  limb  of  the  loss  curve  and  finding  the  point  at  which 
the  upper  limb  departs  from  it.  He  says  that  both  branches  of 
the  curve  may  theoretically  be  expected  to  go  through  the 
origin,  and  that  if  we  had  the  equations  of  the  lower  branch 
m  Fig.  38  and  of  the  upper  branch,  the  point  of  intersection 
would  be  the  critical  point.  I  do  not  see  how  these  statements 
can  be  correct.     The  whole  theory  of  critical  voltage,  as  I  under- 
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stand  it,  is  that  the  equation  of  the  upper  branch  does  not  go 
through  the  origin;  that  the  phenomena  to  which  the  upper 
branch  is  due  begin  more  or  less  abruptly  at  the  critical  voltage. 
If  this  be  the  case,  the  critical  point  is  the  point  at  which  the 
equation  of  the  upper  branch  would  cut  the  axis  of  voltage  and 
is,  therefore,  in  the  curve  formed  by  the  combination  of  the 
upper  and  lower  branches,  the  point  of  departure  of  the  upper 
from  the  lower  branch,  and  not,  as  stated  by  Dr.  Steinmetz, 
the  point  of  intersection  of  the  equations  of  the  upper  and  lower 
branches.  Resort  to  the  device  suggested  by  Dr.  Steinmetz, 
of  plotting  the  logarithms  of  the  ordinates,  does  not  lead  to 
satisfactory  results.  The  upper  portion  of  the  curve  obtained 
is  not  a  straight  line,  so  that  if  the  endeavor  is  made  to  deter- 
mine the  critical  point  from  this  derived  curve,  it  can  be  done 
only  by  resorting  to  the  same  method  that  I  have  employed; 
namely,  that  of  determining  the  point  of  departure  of  the  upper 
from  the  lower  limb.  In  the  derived  curve,  this  method  is  more 
difficult  of  determination  than  in  the  original  curve,  because  the 
rate  of  departure  is  less. 

As  regards  the  method  of  measurement  used  and  the  remarks 
made  thereon  by  Mr.  Thomas;  I  would  say  that  while  I  have 
not  used  the  particular  method  he  mentions,  I  have  made  use  of 
some  methods  of  measurement  involving  a  wattmeter  in  the 
high-voltage  circuit,  and  toxmd  them  extremely  unsatisfactory. 
The  chances  for  error  due  to  electrostatic  effects  and  other  effects 
incident  to  the  use  of  high  voltage  directly,  are  so  great,  es- 
pecially when  hieasuring  losses  as  small  as  those  concerned  and 
at  the  very  low  power-fiictor  at  which  they  occur,  that  the  use 
of  instruments  in  the  high-voltage  circuit  does  not  commend 
itself  to  me.  On  the  oth«r  hand,  having  used  the  present  method 
of  measurement  in  the  Tellurldc  investigation,  and  having  made 
use  of  it  again  in  the  Niagara  work  with  entirely  different 
apparatus,  I  have  come  to  feel,  as  the  result  of  such  check 
measurements  as  could  be  made,  and  in  view  of  the  compati- 
bility of  the  results  obtained,  that  this  method  is  absolutely 
reliable.  In  addition,  it  has  to  commend  it  the  fact  that  one 
is  working  in  a  low-voltage  circuit  instead  of  a  high-voltage  one. 
I  would  say  in  reply  to  Mr.  Thomas's  question,  that  I  have  some 
data  for  losses  which  occur  under  rain  conditions,  but  they  are 
not  definite  enough  to  justify  their  presentation.  During  a 
rain  storm  or  a  snow  storm  the  wattmeter  continually  varies 
with  little  jerky  kicks.  Mr.  Thomas  notes  that  the  **  vapor 
product  "  curves  for  the  insulators  are  straight  lines,  while  those 
for  the  loss  between  conductors  are  curved.  As  stated  in  the 
paper,  the  loss  lines  for  the  insulators  would  probably  have  been 
curves  also  if  the  readings  had  been  carried  to  a  higher  vapor 
product.  This  was  not  done,  because  of  the  great  expenditure 
of  time  that  would  be  involved  in  waiting  for  weather  conditions 
which  would  make  possible  measurements  under  the  higher  vapor 
product  conditions.     Mr.  Thomas  also  refers  to  Professor  Ryan  s 
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method  of  determining  the  critical  point  of  a  loss  curve,  and 
thinks  that  this  might  in  part  account  for  the  discrepancy  be- 
tween my  critical  points  and  those  of  Professor  Ryan.  While 
there  would,  undoubtedly,  be  a  discrepancy  in  the  critical  points 
determined  in  these  two  ways,  this  would  not,  I  think,  account 
for  the  discrepancy  which  exists,  for  the  reason  that  the  critical 
points  finally  given  in  Professor  Ryan's  paper  were  obtained 
not  from  loss  curves — as  I  remember  it  he  took  no  loss  curves — 
but  from  his  observations  as  to  critical  point  as  determined  by 
luminosity. 

Mr.  Lincoln  inquires  as  to  the  influence  which  the  potential 
of  the  groimd  relative  to  the  wires  might  have  on  loss,  with  par- 
ticular reference  to  the  losses  on  a  three-phase  circuit,  as  com- 
pared with  those  on  a  single-phase  circuit.  My  measurements 
were  all  made  on  a  single-phase  circuit  with  the  neutral  grounded, 
so  that  I  am  tmable  to  reply  to  Mr.  Lincoln's  question.  I  hope, 
how^ever,  to  be  able  to  supply  this  information  later,  as  the 
three-phase  loss  is  one  of  the  matters  which  I  have  in  mind  for 
future  investigation. 

Replying  to  Mf .  Scott's  remarks,  as  to  the  bearing  which  these 
new  critical  points  would  have  upon  the  conclusions  arrived  at 
in  the  paper  which  I  wrote  for  presentation  at  the  International 
Electrical  Congress,  I  would  say  that  the  economic  voltages  of 
the  International  Electrical  Congress  paper  are  all  well  below 
the  critical  voltages  of  the  present  papSr.  I  agree  with  Mr. 
Scott  that  in  the  use  of  higher  voltages  there  may  be  a  very 
marked  difference  in  favor  of  aluminum,  because  of  greater 
diameter  of  conductor  corresponding  to  a  line  of  given  resistance. 

Ralph  D.  Heralum  (by  letter):  There  is  one  point  in  Pro- 
fessor Thomson's  discussion  with  which  I  do  not  agree,  and  which 
I  feel  sure  is  in  error.  He  assumes,  in  discussing  Conclusion  19, 
that  the  only  insulator  loss  which  could  vary  with  frequency 
would  be  the  hysteresis  loss  in  the  body  of  the  insulator  itself. 
I  do  not  conaider  that  this  would  be  the  case,  and  my  attitude 
in  reg9r4  to  this  matter  will  be  clear  from  what  follows. 

The  k)6se8  which,  as  I  take  it,  occur  in  connection  with  an 
insulator,  are  as  follows: 

a.  PR  lo68  through  the  substance  of  the  insulator  itself. 
This  is  the  same  sort  of  loss  that  would  occur  with  direct  cur- 
rent of  the  same  effective  voltage. 

b.  Hysteresis  loss  in  the  substance  of  the  insulator  itself, 
due  to  the  variations  of  dielectric  stress  which  occur  with  alter- 
nating current. 

c.  PR  loss  in  the  film  on  the  surface  of  the  insulator,  similar 
to  that  which  would  occur  with  direct  current. 

d.  PR  loss  in  the  film  of  the  insulator  due  to  the  charging  or 
ccmdenser  current  taken  by  the  insulator. 

I  think  there  can  be  no  question  that  film  losses  or  something 
equivalent  thereto  exist.  The  fact  that  insulator  losses  are 
different  for  different  hygrometric  conditions  is  proof  of  this, 
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SO  that  there  will  probably  be  no  dispute  as  to  the  existence  of 
the  loss  {c).  That  there  should  be  a  loss  of  the  nature  of  {d) 
would  appear  from  the  following  consideration.  The  several 
petticoats  of  the  insulator  and  the  different  portions  of  these 
petticoats  are  undoubtedly  at  different  potentials.  The  result 
is  that  between  the  various  petticoats  and  portions  of  the  same 
and  between  the  petticoats  and  the  insulator  pin  there  is  a  con- 
denser action;  that  is  to  say,  the  petticoats  are  analogous  to 
the  plates  of  condensers  in  series.  To  make  the  analogy  more 
nearly  exact,  we  must  consider  that  between  the  condensers  in 
series  there  are  resistances  because  the  charging  current  to  the 
various  portions  of  the  petticoats  must  come  to  these  portions 
through  the  resistance  of  the  surface  film  of  the  insulator. 
Thus,  the  charging  current  to  the  insulator  will  cause  PR  loss 
in  the  film  on  the  surface  of  the  insulator.  Now,  the  magnitude 
of  this  charging  current  will  depend  upon  the  frequency,  and 
the  PR  loss  due  to  this  charging  current  will,  therefore,  depend 
upon  the  frequency,  so  that  the  insulator  loss  would  be  affected 
by  frequency,  even  though  the  hysteretic  loss,  or  loss  (6),  were 
zero.  It  was  not  loss  (6)  that  I  had  in  mind  in  Conclusion  19, 
but  rather  loss  {d).  I  do  not,  therefore,  agree  with  Professor 
Thomson  that  **  if  the  insulator  dielectric  were  free  from  all 
dielectric  hysteresis,  we  should  not  expect  Conclusion  19  to  hold." 
Aside  from  the  above  theoretical  consideration,  that  there  is  a 
loss  of  the  nature  of  {d)  is  evidenced,  I  think,  by  the  fact  brought 
out  in  the  paper  that  of  the  various  insulators  measured,  some 
of  the  larger  ones  had  the  higher  losses.  We  would  expect  that 
the  larger  the  insulator,  the  smaller  would  be  losses  (a),  (6) 
and  (c),  but  that  loss  {d),  if  it  exists,  would  be  greater,  since 
the  charging  current  would  increase  with  the  size  of  the  insu- 
lator, and  the  increase  would  be  especially  marked  in  insulators 
whose  petticoats  were  approximately  parallel  to  each  other 
and  to  the  pin.  As  pointed  out  in  the  paper,  the  measurements 
seem  to  bear  out  these  two  considerations,  and  it  was  because  of 
this  fact,  and  because  it  seemed  to  me  that  the  loss  in  the  substance 
of  the  insulator  would  be  small,  that  the  difference  in  the  losses 
shown  by  the  two  curves  in  Fig.  32  was  assumed  as  mainly  due 
to  loss  (d).  It  has  been  suggested  that  this  assumption  is  in 
error  and  that  a  large  part  of  the  difference  in  loss  shown  in 
Fig.  32  may  be  due  to  (a)  or  (6)  or  both  of  them. 

Since  the  presentation  of  this  paper,  Mr.  C.  E.  Skinner  has  very 
kindly  had  made  for  me  some  measurements  bearing  upon  the 
ohmic  resistance  of  an  insulator  similar  to  that  to  which  Fig.  32 
applies.  He  found  that  with  a  galvanometer  connected  in 
series  with  the  insulator  and  with  500  volts  direct  current  im- 
pressed upon  the  combination,  no  indication  was  obtained, 
although  the  galvanometer  was  such  as  would,  on  500  volts, 
giye  an  indication  with  500,000  megohms  in  series  with  it.  It 
would  seem,  therefore,  that  this  definitely  settles  the  .question 
as  to  PR  loss  in  the  substance  of  the  insulator,  to  the  effect  that 
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such  loss  is  practically  zero.  As  to  the  hysteresis  loss,  I  am  not 
in  a  position  at  this  time  to  make  any  measurements  bearing 
upon  it,  but  expect  to  do  so  later.  Meanwhile  I  have  no  reason 
to  believe  that  any  large  portion  of  the  difference  in  loss  shown 
by  the  two  curves  in  Fig.  32  is  due  to  hysteresis. 

I  do  not  see  the  force  of  the  comment  made  by  Mr.  Waters. 
Even  if  the  insulator  were  a  perfect  condenser  with  no  loss,  a  pin 
would  increase  the  insulation  strength,  if  it  had  sufficient  re- 
sistance, and  would  also  be  a  source  of  loss.  The  fact  that  the 
insulator  is  not  a  perfect  condenser  is  shown  by  the  measure- 
ments upon  it.  The  loss  is  mainly,  if  not  entirely,  over  the 
surface  of  the  insulator.  Possibly  Mr.  Waters  has  been  misled 
in  considering  Fig.  37  by  having  overlooked  the  fact  that,  as 
stated  in  the  paper,  the  pin,  with  which  the  curves  of  Fig.  37 
were  obtained,  had  to  be  wetted  in  order  to  make  the  measure- 
ments. 
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FUNDAMENTAL   CONSIDERATIONS   GOVERNING   THE 
DESIGN  OF  TRANSMISSION-LINE  STRUCTURES 


BY    D.    R.    SCHOLBS 


Before  the  work  of  designing  a  tower  or  pole  for  a  given  trans- 
mission line  can  proceed,  a  statement  must  be  made  setting 
forth  the  loads  which  the  structure  should  be  capable  of  with- 
standing. This  statement  is,  in  general,  based  on  a  forecast 
of  the  probable  extreme  weather  conditions  which  may  occur 
in  the  vicinity  of  the  line,  and  ^Iso  on  a  prediction  as  to  what 
accidents  will  probably  occur  to  the  conductors  of  the  line. 

There  is  naturally  considerable  variation  in  forecasts  of  this 
sort  and  this  variation  is  due  primarily  to  a  lack  of  accurate 
data  regarding  the  various  factors  which  enter  into  the  case. 
The  cost  of  a  line  is  affected  very  largely  by  the  figures  which  are 
selected  to  represent  the  probable  extreme  conditions,  and  the 
selection  and  application  of  these  figures  is,  therefore,  a  matter 
of  a  good  deal  of  importance.  Unfortunately,  data  on  this 
subject  are  very  meagre,  and  a  rational  solution  of  a  problem 
involving  weather  conditions  and  possible  accidents  is  manifestly 
impracticable.  It  seems,  therefore,  that  the  best  guide  in 
selecting  figures  to  represent  the  probable  extreme  load  condi- 
tions is  experience  with  existing  transmission  line  structures 
and  other  structures  similar  to  them. 

During  the  last  few  years  many  members  of  the  Institute 
have  had  occasion  to  investigate  this  subject,  in  preparing 
specifications  for  transmission  lines.  A  discussion  referring  to 
experience  with  these  lines  and  bringing  out  the  ideas  of  each 
as  to  what  load  conditions  should  be  provided  for  would  be 
very  beneficial.  It  is  hoped  that  there  will  be  such  a  discussion 
following  this  paper. 
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Figures  must,  in  general,  be  selected  to  represent  the  forces 
which  may  come  upon  a  transmission-line  structure  as  a  result 
of  one  or  more  of  the  following  influences: 

Wind. 

Sleet. 

Low  temperature. 

A.ccidents,  as  breaking  of  cables,  etc. 

It  is  also  necessary  to  select  a  factor  or  factors  of  safety  for 
use  in  connection  with  these  figures,  and  a  prediction  must  be 
made  as  to  whether  or  not  loads  resulting  from  two  or  more  of 
these  causes  are  likely  to  occur  at  the  same  time.  Considerations 
of  cost  often  determine  to  what  extent  provision  shall  be  made, 
in  a  given  line,  against  such  combinations  of  extreme  conditions. 
In  a  very  important  line  it  may  properly  be  considered  desirable 
to  provide  strength  against  a  combination  of  conditions  likely 
to  occur  only  once  in  a  hundred  years,  whereas  in  a  less  im- 
portant line  the  possibility  of  such  a  chance  condition  might, 
with  equal  propriety,  be  neglected. 

Wind  pressure  on  structures.  The  records  of  the  weather 
bureau  are  available  as  an  aid  in  estimating  the  maximum 
wind  velocity  to  be  expected  in  a  given  locality.  The  relation 
between  wind  velocity,  however,  as  indicated  by  a  government 
anemometer,  and  the  actual  pressure  in  pounds  per  square  foot 
produced  by  a  wind  of  that  velocity  on  a  cable  or  on  the  mem- 
bers of  a  tower,  is  by  no  means  definitely  known.  In  fact  this 
relation  is  so  uncertain  that  the  most  one  can  hope  to  gain  from 
an  examination  of  the  weather  reports  is  a  general  idea  as  to 
whether  the  winds  occurring  in  a  given  locality  are  likely  to  be 
high  or  not.  The  anemometers  of  the  weather  bureau  do  not 
take  account  of  sudden  gusts  of  wind.  The  published  velocities 
are  not  accurate,  but  must  be  corrected  according  to  a  correc- 
tion table  which  may  be  obtained  from  the  weather  bureau. 

The  relation  between  wind  velocity  and  the  pressure  produced 
by  the  wind  on  a  plane  surface  normal  to  the  direction  of  the 
wind  is  given  by  the  formula, 

M  ^  KV^,  where 

M  =  pressure  in  lb.  per  sq.  ft., 

V  =  wind  velocity  in  miles  per  hour,  and 

K  =  constant. 

Experiments  in  general  indicate  that  the  form  of  this  eiquatidn 
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is  correct,  but  experimenters  diflEer  as  to  the  proper  value  of  K, 
The  values  given  range  from  0.0035  to  0.0048.  According  to 
tests  by  the  weather  bureau,  K  =  0.004,  which  is  probably  the 
most  reliable  figure  there  is  for  K, 

Experiments  indicate  that,  in  general,  higher  pressures  are 
to  be  expected  at  the  top  of  a  tower  than  near  the  ground,  but 
Uttle  is  known  as  to  how  the  pressure  is  distributed.  There  is 
considerable  doubt  as  to  what  should  properly  be  considered 
the  exposed  area  of  a  structure;  it  is  certain,  however,  that  both 
faces  are  not,  in  general,  subject  to  the  same  pressure.  It  is 
usually  considered  that  a  reduction  factor  of  0.5  should  be  used 
in  figuring  the  wind  pressure  per  square  foot  of  projected  area 
of  cylindrical  surfaces.  The  wide  use  which  has  been  given 
this  factor  is  its  principal  recommendation. 

The  purpose  of  the  foregoing  remarks  on  wind  pressure  is  to 
point  out  some  of  the  reasons  for  uncertainty  in  wind  pressure 
calculations.  In  view  of  these  uncertainties,  it  seems  necessary 
to  turn  to  some  empirical  method  for  providing  against  loads 
due  to  wind  pressure.  In  bridge  work  pressures  of  from  30  to  50 
lb.  per  square  foot  are  commonly  assumed,  and  these  pressures 
are  used  in  connection  with  factors  of  safety  of  from  4  to  6. 
Structures  built  to  withstand  loads  calculated  in  this  way  are 
found  to  be  strong  enough.  How  much  too  strong  they  are 
is  a  matter  of  conjecture.  The  usual  transmission  line  cannot 
stand  the  expense  of  structures  built  to  bridge  specifications. 
Experience  with  bridges  cannot,  therefore,  be  of  much  help  in 
the  present  connection. 

Steel  windmill  towers  have  been  in  general  use  for  about 
eighteen  years.  Such  towers  are  built  to  withstand  wind  loads 
almost  exclusively  and  their  use  is  very  widespread.  It  is 
known  that  the  provision  against  wind  loads  in  these  structures 
is  not  excessive,  for  there  are  occasional  failures.  The  wind- 
mill tower  is,  in  general,  similar  to  the  towers  used  in  trans- 
mission lines.  The  success  of  a  given  design  of  windmill  tower 
depends  on  what  might  be  called  the  integrated  experience  of 
all  the  users  of  towers  of  such  design.  Competition  has  led 
builders  to  reduce  their  weight  to  a  minimum.  It  is  probable; 
therefore,  that  a  windmill  tower  of  standard  design  which  is 
widely  used  has  just  about  enough  strength  to  resist  the  highest 
winds,  tornadoes  excepted,  and  it  would  appear  that  a  study  of 
such  a  windmill  tower  will  probably  give  the  best  data  available 
for  use  in  connection  with  transmission  Une  structures. 
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An  examination  of  a  standard  design  of  windmill  tower,  of 
which  many  thousands  are  in  use,  shows  that  such  tower  will 
actually  fail  under  loads  calculated  on  the  basis  of  wind  pressures 
of  from  40  to  50  lb.  per  sq.  ft.  The  tower  referred  to  is  of  square 
pyramidal  form,  and  in  the  calculations  it  is  assumed  that  the 
wind  is  blowing  at  right  angles  to  one  side,  and  both  faces  of  the 
tower  are  considered  equally  exposed. 

It  appears,  therefore,  that  it  would  be  good  practice  in  trans- 
mission line  construction  to  specify  that  the  poles  or  towers 
should,  in  addition  to  their  other  properties,  have  strength  to 
resist  loads  on  their  members  due  to  a  wind  pressure  of  40  lb. 
per  square  foot,  with  a  factor  of  safety  of  from  1.5  to  2,  based 
on  actual  test.  Such  a  structure  would  be  suitable  for  locations 
where  the  winds  are  high;  in  other  locations  these  figures  would 
be  reduced  by  judgment,  aided  by  a  consultation  of  the  weather 
reports  and  other  such  data. 

Factor  of  safety.  A  few  remarks  regarding  factor  of  safety 
may  be  proper  at  this  point.  The  factor  of  safety  used  in  con- 
nection with  the  design  of  a  given  piece  of  engineering  apparatus, 
is,  in  a  sense,  a  measure  of  the  uncertainty  attending  the  making 
of  calculations  of  the  loads  to  be  sustained  or  of  the  strength  of 
the  structure  under  consideration.  In  designing  a  complicated 
structure  to  sustain  a  complex  system  of  loads,  it  would  be 
natural  and  proper  to  allow  a  large  factor  of  safety,  particularly 
if  the  structure  were  such  that  it  could  not  be  tested  to  destruc- 
tion to  check  all  calculations  and  methods.  On  the  other  hand, 
a  smaller  factor  of  safety  would  be  equally  safe  in  connection 
with  a  simple  structure  to  sustain  certain  definite  loads,  the 
actual  ultimate  strength  of  the  structure  having  been  determined 
by  testing  it  to  destruction. 

The  structures  ordinarily  used  in  transmission  lines  are  simple. 
They  are  usually  built  in  large  numbers  from  standard  designs. 
It  is  proper,  therefore,  that  the  design  for  such  a  structure 
should  be  carefully  investigated  and  that  specimen  structures 
should  be  tested  in  such  way  as  to  remov^e  all  doubt  as  to  their 
ability  to  withstand  the  loads  for  which  they  are  intended. 
And,  notwithstanding  the  fact  that  calculations  of  wind  pressure 
are  uncertain,  experience  with  windmill  towers  removes,  to  a 
large  extent,  the  uncertainty  which  would  otherwise  surround 
the  figure  40  lb.  per  square  foot  which  has  been  suggested. 

Wind  pressure  on  cables.  The  opinion  is  commonly  held  that, 
in  providing  against  wind  pressure  on  a  surface  such  as  that  of  a 
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long  span  transmission  line  cable,  it  is  not  necessary  to  allow 
for  as  high  a  pressure  as  is  necessary  for  a  surface  extending 
through  smaller  linear  distances.  Data  on  this  subject  are,  as 
yet,  A'ery  indefinite,  and  there  is  great  need  of  specific  figures 
for  the  pressure  experienced  on  the  cables  of  a  transmission 
line.  The  following  experiment  is  suggested  as  a  means  of 
securing  such  data. 

The  experimental  apparatus  would  consist  of  a  typical  trans- 
mission line  span  of  from  500  to  1000  ft.,  erected  as  near  as 
possible  to  a  weather  bureau  station.  The  cable  would  be 
fixed  to  the  tower  at  one  end  and  would  pass  over  a  pulley  at 
its  other  end  and  be  secured  to  a  weight,  this  weight  serving  to 
maintain  a  imiform  tension  in  the  cable  at  all  times.  The  posi- 
tion of  the  weight  would  be  recorded  at  all  times  by  means  of  a 
pencil  and  moving  drum.  Continuous  records  of  temperature 
and  wind  velocity  are  made  in  the  weather  bureau  stations. 
An  analysis  of  the  three  records;  namely,  those  of  temperature, 
wind  velocity,  and  the  length  of  the  cable  in  the  span,  would 
give  data  from  which  the  wind  pressure  in  pounds  per  square 
foot  of  projected  area  of  the  cable  could  be  calculated.  It  would 
also  be  desirable  to  have  a  continuous  record  of  the  direction 
of  wind,  and  this  record  could  be  readily  obtained. 

Records  from  such  apparatus  extending  over  a  period  of  a 
year  or  more  would  be  of  much  interest.  It  is  to  be  observed 
that  the  readings  would  furnish  a  means  of  checking  the  coeffi- 
cient of  expansion  of  the  cable.  Data  obtained  in  this  way 
would  have  direct  relation  with  the  weather  bureau  reports, 
and  most  questions  as  to  methods  of  calculation  of  pressure  on 
conductors  would  thus  be  eliminated. 

In  the  absence  of  specific  data  relating  to  wind  pressures  on 
the  cables  of  long  spans,  it  seems  unsafe  to  assume  a  pressure 
of  less  than  30  lb.  per  sq.  ft.  for  localities  where  the  winds  are 
known  to  be  high.  The  figure  30  lb.  per  sq.  ft.  is  commonly 
used  in  bridge  calculations  for  surfaces  extending  through 
horizontal  distances  of  60  ft.  or  more.  It  seems  that  a  factor 
of  safety  of  2  should  be  used  in  connection  with  this  pressure, 
so  that  the  conductor  will  not  be  stressed  beyond  its  elastic 
limit,  under  extreme  conditions. 

Sleei.  Destructive  sleet  storms  occur  in  the  eastern  part  of 
the  United  States  at  least  as  far  south  as  Atlanta.  During  the 
past  winter,  a  sleet  storm  occurred  in  the  region  of  Chicago 
after  which  a  coating  of  ice  over  half  an  inch  thick  was  observed 
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on  conductors  of  various  sizes.  In  many  cases  the  thickness 
of  ice  at  the  center  of  the  span  was  much  greater  than  at  the 
insulators,  due  to  the  tendency  of  the  water  in  the  sleet  to  run 
down  to  the  lowest  point  while  freezing.  The  sleet  formed 
during  this  storm  was  practically  solid  ice,  and  it  remained  on 
the  conductors  for  several  days.  In  view  of  observations  made 
after  this  storm,  it  is  the  writer's  opinion  that,  for  localities 
where  sleet  is  known  to  form,  provision  should  be  made  against 
a  coating  of  ice  on  the  cables  at  least  one  half  inch  thick,  in  com- 
bination with  a  factor  of  safety  of  not  less  than  2  based  on  the 
ultimate  strength  of  the  conductor. 

There  is  much  discussion  as  to  whether  the  safety  of  a  line 
demands  that  provision  be  made  against  sleet,  low  temperature, 
and  high  wind  all  occurring  at  the  same  time.  If  the  sleet  forms 
at  all,  it  is  certainly  possible  that  it  will  remain  on  the  wires 
several  days.  And  if  it  remains  on  the  wires  several  day^  it  is 
certainly  entirely  within  the  range  of  possibility  that  high  wind 
or  low  temperature  or  both  will  occur  before  it  melts  off. 
Whether  or  not  provision  should  be  made  against  a  combination 
of  these  three  extreme  conditions  becomes,  therefore,  entirely 
a  question  of  how  much  the  owners  of  the  line  are  willing  to 
pay  for  immunity  from  interruptions  of  service  due  to  these 
causes.  These  are  matters  to  be  settled  between  the  engineer 
and  the  owner  of  the  line. 

Accidents,  cls  breaking  of  wires,  etc.  In  providing  mechanical 
strength  in  the  line  to  resist  loads  due  to  accidents  to  the  cables, 
there  are  two  well  known  plans  which  may  be  followed.  In 
the  one  all  structures  are  given  the  same  strength,  each  having 
strength  to  withstand  the  loads  due  to  accidents  which  it  is 
contemplated  may  occur  in  any  span;  in  the  other  plan,  two 
kinds  of  structures  are  used — a  standard  structure  intended  to 
support  loads  transverse  to  the  line  only,  and  a  heavy  structure 
having  strength  against  the  breaking  strength  of  all  the  cables. 
These  heavy  structures  are  distributed  along  the  line  at  intervals 
of  a  mile  or  so.  The  first  mentioned  type  of  construction  is 
best  adapted  for  lines  having  relatively  small  conductors,  while 
the  second  type  is  favorable  where  the  conductors  are  heavy. 

In  designing  a  line  of  the  first  mentioned  type  it  is  usual  to 
assume  that  any  two  conductors  may  break  in  a  given  span  due 
to  the  formation  of  an  arc  between  them,  and  that  the  tower 
or  pole  should  be  capable  of  withstanding  the  loads  so  developed 
without  damage  to  itself.     Provision  is  not,  in  general,  made 
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for  the  simultaneous  occurrence  of  such  breakage  and  high  wind 
or  sleet.  It  would  seem,  however,  that  in  such  cases  the  towers 
might  better  be  designed  to  withstand  wind  loads  transverse 
to  the  line  in  addition  to  the  loads  due  to  the  breakage  of  any 
two  conductors,  since  arcing  is  more  likely  to  occur  in  a  high 
wind  than  at  other  times. 

It  is  believed  that  the  factor  of  safety  used  in  connection 
with  the  loads  due  to  breakage  of  conductors  should  be  greater 
in  the  case  of  suspension  type  insulators  than  with  pin  insulators. 
WTien  a  conductor  supported  by  suspension  insulators  breaks, 
it  will  suddenly  move  away  from  the  point  of  breakage  and  will 
be  brought  to  a  sudden  stop  when  the  insulator  comes  into 
line  with  the  cable.  The  movement  will  occur,  in  decreasing 
amount,  all  along  the  line,  or  until  a  strain  insulator  is  reached. 
This  sudden  application  of  load  and  the  attending  inertia  effect 


ritr^ 


Fig.  1 

will  subject  the  cross  arm  to  a  greater  force  than  the  tension 
which  existed  in  the  cable  before  it  broke.  It  is  suggested  that 
cross  arms  be  tested  to  loads  equal  to  1.25  times  the  elastic  limit 
of  the  conductor  for  pin  insulators  and  1.5  times  the  elastic 
limit  of  the  conductor  for  suspension  insulators. 

Foundations.  It  is  a  usual  assumption  that  the  resistance  to 
uplift  offered  by  a  foundation  is  equal  to  the  weight  of  the 
foimdation  plus  the  weight  of  earth  contained  in  the  frustum 
indicated  in  Fig.  1,  the  angle  ot  inclination  of  the  sides  of  the 
frusttim  being  30®.  The  results  obtained  by  this  method  agree 
quite  closely  with  practice  in  anchors  for  windmill  towers.  In 
addition  to  resisting  uplift,  the  foundation  must,  in  general,  have 
strength  against  horizontal  forces  at  the  ground  line.  The 
variety  of  designs  of  foundations  is  so  great  as  to  make  a  discus- 
sion of  them  impossible  within  the  limits  of  this  paper.  It  is 
suggested  that,  in  developing  the  design  of  a  foundation  for  a 
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given  line,  tests  should  be  made  to  determine  the  holding  power, 
density,  etc.,  of  the  soil  of  the  locality  so  that  the  strength  of  the 
foundation  will  be  known  as  accurately  as  the  strengths  of  the 
other  parts  of  the  line. 
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Discussion  on  "  Fundambntal  Considerations  Govbrning 

THB  Design  of  Transmission  Line  Structures." 

Atlantic  City,  N.  J.,  Junb  30,  1908 

N.  J.  Neall  (by  letter) :  It  may  properly  be  said  of  a  trans- 
mission line  structure  that  factors  of  safety  are  both  necessary 
and  expensive.  It  is  naturally  desirable,  therefore,  so  to 
shape  the  design  and  so  to  adjust  it  to  its  operating  require- 
ments as  to  secure  a  maximum  of  service  with  a  minimum  of 
outlay. 

There  are  two  factors  of  safety  that  must  be  considered: 

1.  That  relating  to  the  transmission  line  conductors  directly. 

2.  That  of  the  tower  itself  as  an  independent  structure.    These 
will  be  discussed  as  follows: 

1.  Factors  of  safety  relating  to  transmission  line  conductors. 
Once  the  amount  of  power  to  be  delivered  has  been  determined, 
together  with  the  location  of  definite  geographical  points  of 
distribution,  a  fimdamental  size  of  transmission  wire  can  be 
deduced  to  carry  the  load  economically.  This  should  then 
enable  a  decision  as  to  the  permissible  length  of  maximum 
span  and  an- adjustment  between  conductor  size,  span,  and  cost 
of  support  (substituting  other  sizes  of  conductor  H  necessary) 
imtil  the  best  proportions  of  cost  have  been  obtained. 

The  next  step  is  to  decide  whether  the  tower  is  merely  to 
act  as  a  support  for  the  wires  without  further  responsibility, 
or  to  hold  them  up  against  any  ordinary  accident;  in  other 
words,  whether  it  is  to  be  what  is  commonly  known  as  a  *'  dead 
end  "  structure.  If  the  latter,  a  much  stronger  pin  support  is 
required  and  may,  because  of  the  generally  low  natural  limit  of 
strength  of  such  a  feature,  require  several  or  more  such  supports 
in  tandem  and  special  arrangements  for  holding  the  wires  to 
the  supports. 

2.  Inherent  structural  characteristics  affecting  factors  of 
safety.  Theoretically  it  is  desirable  to  have  a  tower  or  trans- 
mission line  structure  flexible  in  the  direction  of  the  line,  and 
inflexible  perpendicularly  thereto.  It  is  assumed  that  any  wind 
blowing  parallel  to  the  line  does  it  no  harm,  while  a  high  wind 
perpendicular  to  the  line  is  a  serious  feature;  in  other  words, 
the  tower  must  be  able  to  resist  being  blown  over.  This  con- 
sideration inimediately  affects  the  shape  and  size  of  the  tower, 
to  which,  in  turn,  such  items  as  wind  pressure  per  square  foot, 
form  of  anchorage,  nature  of  soil,  etc.,  add  their  quota  of  re- 
quirements. 

For  such  a  structure  pure  and  simple,  the  requirements  of 
endurance  are  obvious  and  of  little  concern  to  the  electrical 
engineer,  save  that  the  character  of  the  design  will  permit  of 
the  special  loads  being  applied  without  any  impairment  of  the 
structure  as  such. 

It  is  but  a  step,  then,  to  combine  these  two  elements;  in  the 
usual  specification  the  loads  brought  on  the  tower  by  the  trans- 
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mission  wires  are  the  only  ones  specified.  It  is  here  that  I 
think  there  is  much  room  for  improvement  over  present  practice. 
When  it  is  borne  in  mind  that  both  the  tower  itself  and  all 
conductors  are  simultaneously  affected  by  any  of  the  usual 
elemental  conditions  considered  in  this  connection,  such  as 
heat,  cold,  wind,  dead  weight,  ice  or  sleet,  etc.,  and  since 
moreover  it  is  found  in  usual  requirements  that  a  safe  length 
of  span  to  stand  minimum  temperature,  with  ice  or  sleet,  and 
wind  blowing  simultaneously  at  a  maximum  velocity  deter- 
mined by  local  observation  to  be  applicable  to  this  case,  is  taken  at 
the  condition  of  maximum  strain  on  the  conductor,  it  becomes 
clear  that  the  only  true  criterion  of  suitability  of  a  structure  is 
to  test  it  preliminarily  for  design  in  such  a  way  as  to  imitate 
as  closely  as  possible  just  those  strains  that  come  upon  a  tower 
in  service.     The  two  extremes  usually  taken  are  the  one  foi 


Fig.  1. — Loads  on  tower  for  maximum  temperature  and  minimum  wind 

velocity. 

minimum  temperature,  sleet,  and  relatively  low  velocity  of 
wind;  and  the  other,  maximum  temperature  and  highest  wind 
velocity.  With  reference  to  the  tower,  the  former  may  be 
considered  for  the  present  as  less  serious  than  the  latter,  prin- 
cipally since  dead  weight  is  such  a  large  factor  in  the  cold, 
and  sleet  condition  and  structures  for  transmission  lines  are 
thought  to  carry  this  more  easily  than  the  maximum  wind  con- 
dition. 

In  order  to  test  the  tower,  once  the  line  details  have  been 
preliminarily  worked  out,  two  methods  are  possible. 

First,  the  tower  is  mounted  on  a  concrete  or  other  firm  founda- 
tion and  loads  applied  at  various  points  by  means  of  cables 
suitably  equipped  with  a  dynamometer,  or,  more  conveniently, 
as  follows. 

Secondly,  the  tower  fastened  horizontally.     Let  ABC  rep- 
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resent  the  structure  fastened  rigidly  to  a  strong  support.  Then 
by  calculation  the  resultant  direction  and  amount  of  dead 
weight  of  wire  and  wind  for  the  wire  when  two  adjacent  spans 
are  in  equilibrium  can  be  determined,  and  the  load  corresponding 
thereto  can  be  suitably  applied  to  the  tower,  as  shown  by 
Wp  1,  Wp  2,  Wp  3,  etc.  This  is  the  only  load  brought  on  the 
tower  by  the  conductors  for  this  condition  of  the  weather,  viz., 
maximum  wind  and  maximum  temperature. 

By  a  proper  calculation  the  total  stress  on  the  tower  can  be 
determined.-  For  the  purposes  of  this  test,  these  loads  are 
best  applied  at  the  girts  1,  2,  3,  etc.,  as  shown  on  diagram, 
and  are  indicated  by  W^,  W^,  etc.  For  the  horizontal  position 
the  dead  weight  of  the  tower  must  be  taken  into  accoimt,  and 
W'l,  Wj,  etc.,  represent  the  additional  amount  to  equal  the 
calculated  values. 

From  this  it  is  obvious  that  any  of  the  conditions  applying 
to  tower  operation  can  be  properly  investigated.  For  example, 
one  test  can  be  made  of  **  dead  end  "  structures,  where  the 
strain  in  the  wire  (much  in  excess  of  that  used  as  its  dead  weight 
and  wind  exposure  pressure  per  support  for  towers  under  the 
usual  service  requirements)  is  appropriately  applied  at  the  in- 
sulator pins. 

Horizontal  strength  or  resistance  to  twisting  from  one  or 
more  broken  wires  (known  commonly  as  torsional  strength) 
under  any  given  condition  can  be  easily  worked  out. 

The  maximum  amount  of  load  which  should  be  applied 
imder  these  circumstances  should  depend  on  the  given  condi- 
tions of  the  test.  I  think  that  an  all-roimd  factor  of  safety 
of  2  will  well  meet  most  commercial  requirements,  particularly 
if  the  test  is  made  for  a  condition  of  maximum  weather  effect. 

It  is  easy  to  argue  that  if  minimum  temperature,  sleet,  and 
wind  are  the  worst  for  the  wire  and  that  as  a  matter  of  design 
this  strain  is  made  equal  to  the  elastic  limit  of  the  conductor, 
we  have  roughly  a  factor  of  safety  of  2  against  breakage,  coupled 
with  a  relatively  remote  possibility  of  occurrence.  The  same 
basis  of  selection  might  apply  to  the  structure  as  well.  The 
usual  specification  for  a  given  pull  at  the  insulator  pins  is  only 
a  quasi-wire  strain ;  it  is  practically  a  test  of  the  strength  of  the 
tower  built  up  to  the  pin  strength  as  a  basis. 

Structurally,  the  insulator  pin  strength  is  the  weak  point  of 
the  ensemble ;  an  average  pin  strength  of  approximately  1500  lb. 
to  2000  lb.  does  not  give  much  leeway  in  the  use  of  a  single 
pin  for  dead-end  work,  nor  for  a  large  factor  of  safety.  It  is 
surprising,  however,  how  much  can  be  obtained  from  a  given 
weight  of  material  if  properly  disposed. 

Some  time  ago  I  tested  two  towers  in  the  manner  described, 
the  only  difference  of  importance  being  the  method  of  holding 
the  diagonal  rods  a,  fe,  c,  and  so  forth.  The  builder  of  the 
tower  employed  what  I  have  termed  a  button  and  buttonhole 
method  of  attachment  for  the  diagonals  to  the  girt.     The  rod 
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was  provided  with  a  button-like  end,  and  the  girt  was  cut  button- 
hole-wise to  receive  this.  In  the  second  tower  the  diagonals 
ended  in  loops  and  were  held  by  bolts,  washers,  and  nuts  to 
the  girts  or  comer  parts  respectively,  as  happened  to  be.  The 
total  weights  were  not  sensibly  changed,  and  yet  the  latter  ar- 
rangement showed  itself  much  the  stronger. 

Strangely  enough,  the  first  tower  had  been  successfully  tested 
according  to  specifications  by  heavy  loads  applied  to  the  pins 
when  in  an  upright  position.  The  second  method  showed  easily 
how  unsatisfactory  the  other  might  be  as  an  indication  of 
all-round  strength. 

The  result  of  all  this  is  a  better  appreciation  of  the  behavior 
of  the  tower  under  service  conditions,  and  leads  directly  to  the 
conclusion  that  in  this  wise  purchasers  of  towers  can  obtain  a 
high  degree  of  economy  of  tower  material  for  a  given  amount 
of  money.  . 

In  these  discussions  before  the  Institute  cost  is  more  than 
likely  to  be  treated  academically.  In  no  place  is  it  more  crit- 
ical, however,  than  in  the  problem  of  selection  of  a  transmission 
line  support;  in  fact,  despite  the  many  advantages  of  tower 
construction  over  its  predecessor — the  wood-pole  Ime — the  first 
cost  of  a  metal  tower  line  constantly  tends  above  the  wood  pole, 
and  of  this  the  tower  alone  plajrs  a  large  part,  and  increasingly 
so  as  the  factor  of  safety  increases. 

With  careful  selection  of  design,  such  a  line  construction  can 
be  kept  within  reasonable  limits ;  but  to  this  end  it  is  necessary 
to  emphasize  the  point  that  not  all  towers  should  be  dead-end 
towers;  in  fact,  comparatively  few  may  be  so,  and  the  remainder 
must  be  something  less  than  this. 

Since  continuity  of  service  is  the  final  measure  of  success, 
in  such  a  case  it  seems  to  me  that  any  detail  of  construction 
used  in  this  connection  should  be  tested  destructively  for  type 
before  acceptance.  In  my  judgment  the  test  herein  described 
is  no  more  burdensome  on  the  tower  than  standard  arcing-over 
tests,  etc.,  now  employed  for  insulators.  Each  seeks  to  deter- 
mine the  ultimate  strength  of  the  respective  detail  under  its 
known  possibilities  of  service. 

Ralph  Bennett  (by  letter):  The  available  data  on  existing 
transmission  lines  must  necessarily  be  of  a  negative  character, 
for  a  line  is  built  to  stand.  It  does  so;  therefore  it  is  satis- 
factory. The  margin  of  security  in  such  a  case  is  difficult,  if 
not  impossible,  of  determination. 

A  factor  of  safety  of  2  against  the  greatest  combination  of 
known  and  assumed  strains  seems  inadequate  unless  the  strains 
themselves  contain  a  large  excess  allowance.  The  following 
uncalculated  strains  occur  to  a  greater  or  less  extent  in  every 
tower:  1.  Irregular  loading  due  to  settlement  of  footings  and 
to  imeven  cable  tension.  2.  Load  due  to  vertical  and  horizontal 
angles  too  slight  to  warrant  special  towers.  3.  The  results  of 
line  and  side  guying.  4.  The  racking  effect  of  unequal  adjacent 
spans  under  temperature  changes. 
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A  factor  of  safety  of  2.5  against  the  extreme  load  would  give 
a  margin  between  the  total  calculated  loading  and  the  elastic 
limit  of  25%  of  the  load.  This  should  be  sufficient  to  produce 
a  line  which  would  stand  in  any  weather.  It  is  not  sufficient 
to  build  a  line  which  would  just  fail  tmder  the  extreme  weather 
condition  which  can  be  expected.  A  line  important  enough  to 
warrant  steel  or  concrete  towers  will  warrant  sufficient  expense 
to  make  it  secure. 

The  Kem  River  Transmission  of  the  Edison  Electric  Com- 
pany was  designed  in  1905  and  erected  in  1906-7.  It  has  now 
been  in  active  service  sUghtly  over  12  months.  Part  of  the 
towers  have  had  wire  on  tiiem  for  two  winters. 

The  essential  features  are  as  follows: 

Standard  ^an 700  ft. 

Size  of  cable 4-0  copper,  7  strand 

No.  of  cables 9 

Average  height  above  earth 57  ft. 

Ba^  at  earth 12  by  12 

Depth  of  footing 6  ft.  6  in.  extreme. 

Diameter  of  footing  plate 24  in. 

Type  of  tower 4  post 

Tower  bracing tension  rods 

Total  wind  load  on  wire  (22.6  lb.)  .6300  lb. 

Dead  load  due  to  wire 4050  lb. 

Extreme  longitudinal  load  (due  to 
to  failure  of  one  wire) 3000  lb. 

No  sleet  or  snow;  no  temperature  below  20®  fahr.;  maximum 
temperature  130**  fahr. 

At  this  writing  the  only  difficulty  experienced  with  the  line 
has  been  due  to  eagles,  which  roost  on  the  lower  cross-arm  be- 
tween the  insulator  and  the  upright.  In  flapping  their  wings 
preparatory  to  flight  they  cause  a  short-circuit  from  the  wire 
to  the  structure.  In  a  few  cases  this  has  burned  the  cable  off. 
No  tower  failures  have  resulted  from  this  or  any  other  cause. 
Most  of  the  line  has  as  yet  but  six  cables,  and  as  a  consequence 
there  are  as  yet  no  data  on  the  effect  of  side  winds.  But  the  ab- 
sence of  three  cables  renders  the  effect  of  cable  failures  and 
guying  much  more  serious  than  it  will  be  in  the  completed  line. 

Before  issuing  the  tower  and  wire  specifications  an  experi- 
mental span  of  1000  ft.  of  a  single  19  strand  00  copper  cable 
was  observed  at  intervals  during  about  a  year.  Its  perform- 
ance in  respect  to  temperature  change  was  very  closely  in  ac- 
cordance with  calculated  values.  The  methods  of  measuring 
wind  proved  to  be  so  crude  that  the  results  were  indeterminate. 
Other  observations  were  made  with  rods  of  various  shapes  pro- 
jected from  the  side  of  interurban  cars.  These  results  were 
also  only  approximate.  The  average  of  a  large  number  of 
observations  indicated  that  the  pressure  on  round  rods  was 
less  than  six-tenths  of  that  on  thin  flat  rods  of  the  same  pro- 
jected area  for  any  velocity  up  to  30  miles  per  hr. 
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The  method  of  figuring  footings  given  by  Mr.  Scholes  is  based 
on  the  angle  of  repose  of  loose  Sand.  This  can  scarcely  apply 
in  firm  or  sticky  or  flowing  soils.  Most  tower  footings  are  in 
soils  which  are  at  least  self-supporting.  Such  materials  as  gravel 
and  stiff,  dry  clay  are  very  slow  in  recovering  their  original  firm- 
ness, even  if  tamped  thoroughly.  Meanwhile  a  footing  placed 
in  a  straight-sided  hole  is  liable  to  lift  the  loose  dirt  out  along 
the  line  of  disturbance  with  a  much  less  load  than  that  calcu- 
lated by  any  formula  based  on  an  assumed  cleavage  line.  If, 
however,  the  earth  is  firm  enough  to  permit  of  enlarging  the 
hole  at  the  bottom  so  that  the  sides  overhang  the  footing  plate, 
the  completed  footing  may  hold  more  than  the  calculated 
amount,  for  the  angle  of  repose  of  such  a  soil  in  a  massive  body 
such  as  that  surroimding  the  foundation  may  be  much  greater 
than  that  of  sand. 

In  setting  guy-plates  no  lineman  would  think  of  so  placing 
them  as  to  bring  the  strain  against  the  disturbed  earth.  In 
ordinary  pole-line  construction  the  disturbed  earth  is  subjected 
to  direct  compression  only,  yet  the  only  valid  reason  for  the 
deep  holes  commonly  used  is  to  bring  the  point  of  maximum 
loading  on  this  earth  so  low  that  it  will  be  held  from  flowing 
under  the  pressure  by  the  firm  earth  surrounding  it. 

Where  economy  would  demand  the  minimum  cost  to  such  an 
extreme  as  to  render  the  skimping  of  footings  necessary,  would 
not  the  use  of  guyed  towers  instead  of  the  self-supporting  types 
result  in  a  more  reliable  construction  ?  Such  towers  would  be 
much  lighter;  they  would  occupy  less  room  at  the  base;  they 
could  be  so  constructed  that  the  longitudinal  guys  would  also 
take  the  side  strains;  and  all  earth  plates  would  be  against 
firm,  undisturbed  earth.  Since  the  variation  in  load  with 
length  of  span  affects  the  wind  load  as  much  as  the  dead  load, 
and  as  any  tower  which  will  stand  the  stress  of  erection  will 
stand  the  dead  load,  the  towers  could  be  adjusted  to  their 
loads  by  changing  the  number  or  size  of  the  guy  wires.  The 
total  weight  would  be  low,  as  would  the  erection  cost.  The  parts 
would  be  stiff  enough  to  stand  erection  strains  without  the 
elaborate  precautions  taken  on  one  or  more  of  the  lines  recently 
noted  in  the  technical  press.  It  seems  almost  a  truism  to  say 
that  in  construction  of  this  character  the  parts  should  be  few 
and  rugged  so  that  the  money  saved  on  shop  cost  need  not  be 
lost  in  the  field  in  the  handling  of  fragile  members  or  the  locating 
of  a  large  number  of  small  pieces. 
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THE  TESTING  OF  HIGH-VOLTAGE  LINE  INSULATORS 


BY    C.    E.    SKINNER 


The  Specification  herein  proposed  as  standard  for  the  testing 
of  high-voltage  line  insulators  was  written  at  the  request  of  the 
chairman  of  the  High  Tension  Transmission  Committee  in 
order  to  bring  this  matter  before  the  Institute  for  discussion. 
It  is  not  presented  as  representing  the  writer's  per- 
sonal opinion  so  much  as  an  endeavor  to  harmonize  in- 
formation which  he  has  obtained  from  various  sources 
with  the  view  of  producing  such  a  specification.  Quite  a  large 
number  of  porcelain  manufacturers  and  others  interested  in  the 
testing  and  use  of  high-voltage  porcelain  line  insulators  in  this 
country  and  in  various  parts  of  Europe  have  been  consulted,  and 
the  information  received  is  embodied  as  far  as  possible  in  the 
proposed  specifications.  It  is  fully  appreciated  that  differences 
of  opinion  may  exist  on  any  point  which  is  incorporated  in  such 
a  specification.  The  fact  that  such  differences  do  exist,  and  that 
tests  are  so  different  in  different  places,  seems  to  the  writer  to 
be  ample  justification  for  the  attempt  at  a  specification  which 
can  be  used  by  all  as  a  standard  of  reference. 

At  the  present  time  it  is  almost  impossible  for  one  familiar 
with  a  certain  method  of  testing  to  base  any  judgment  whatever 
as  to  the  bearing  of  results  obtained  by  some  one  else  who  uses 
a  different  method.  If,  after  thorough  discussion,  and  any 
revision  which  may  be  foimd  essential,  a  specification  is  pro- 
duced which  will  allow  direct  comparisons  to  be  made  of  the 
performance  of  insulators  of  different  types  tested  in  various 
places  and  at  different  times,  the  object  of  the  specification  will 
have  been  in  part  accomplished.  If  a  specification  is  evolved 
which  can  be  accepted  as  a  standard  performance  specification 
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for  line  insulators  in  general,  the  uncertainty  regarding  com- 
parisons of  tests  at  various  places  and  the  widely  varying  re- 
quirements now  insisted  upon  for  conditions  which  are  practi- 
cally the  same,  will  have  been  eliminated. 

The  specification  naturally  divides  itself  into  three  general 
parts.  The  requirements  of  routine  tests  are  placed  first,  as  it 
is  considered  that  any  tests  of  a  routine  nature  which  are  re- 
quired on  insulators  for  the  acceptance  of  any  lot  should  naturally 
form  a  part  of  the  tests  made  to  determine  the  limitations  of 
design. 

The  question  of  routine  inspection  for  mechanical  flaws  and 
other  defects  is  difficult  to  outline  definitely,  as  a  complete 
description  of  all  points  which  might  constitute  cause  for  re- 
jection would  make  the  specification  unduly  long  and  com- 
plicated, and  it  is  therefore  usually  considered  better  to  leave 
this  to  the  judgment  of  the  inspector. 

Some  difference  of  opinion  has  been  expressed  as  to  whether 
the  dielectric  test  on  each  individual  part  of  insulators  made  up 
of  parts  should  be  included  in  the  routine  test  instead  of  in  the 
design  test.  It  is  the  writer's  understanding  that  such  tests  are 
invariably  made  by  the  porcelain  manufacturers  for  their  own 
information,  whether  specified  as  a  part  of  the  routine  test  or 
not,  and  it  would  therefore  seem  that  there  should  be  no  very 
great  objection  to  their  being  included  in  the  routine  test. 

It  is  possible  that  in  some  designs  the  voltage  tests  specified 
cannot  be  met  by  certain  shells  which  are  used  next  to  the  pin 
for  the  purpose  of  increasing  the  dielectric  strength  when  the 
other  parts  of  the  insulator  are  wet,  due  to  the  short  surface 
distance.  If  the  surface  distance  on  the  short  shell  is  so  small 
that  this  test  cannot  be  reached,  it  is  probable  that  the  object 
of  inserting  the  short  shell  is  in  some  measure  defeated  in  the 
particular  design.  It  might  be  possible  to  substitute  a  fixed 
test  for  each  individual  part  of  a  shell  independent  of  the  voltage 
on  which  the  insulator  is  to  be  used,  as  it  is  difficult  if  not  im- 
possible to  get  porcelain  to  stand  tests  of  above  60,000  to  70,000 
volts,  regardless  of  the  thickness.  The  better  material  in  the 
thinner  shells  gives  results  equal  to  the  poorer  material  in  the 
thicker  shells,  due  to  shrinkage  cracks  and  other  defects  which 
it  is  ordinarily  impossible  to  eliminate  in  thick  porcelain.  The 
provision  to  exclude  insulators  which  show  excessive  local  heating 
is  inserted  for  the  reason  that  those  familiar  with  such  tests 
may  at  times  be  perfectly  sure  that  an  insulator  is  unsatisfactory 
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even  though  it  is  not  punctured.  The  term  "  localized  dis- 
charge "  as  used  does  not  mean  the  discharge  which  occurs 
uniformly  around  the  insulator  at  the  point  of  contact,  but  a 
discharge  at  some  point  on  the  surface.  Such  discharge  some- 
times indicating  a  spongy  material  which  will  eventually  give 
trouble. 

Under  design  tests  the  amount  of  pull  to  be  applied  to  the 
insulators  is  not  specified  for  the  reason  that  the  strength  must 
necessarily  depend  on  the  particular  design,  and  the  figures  to 
be  inserted  of  course  should  be  agreed  upon  in  each  case 
between  the  manufacturer  and  the  user. 

The  rate  of  precipitation  specified  in  the  rain  test  is  probably 
greater  than  will  ever  be  experienced  except  in  very  excessive 
storms,  and  even  then  only  for  a  very  limited  time.  The  rate 
specified  is  less  than  that  used  as  standard  in  some  parts  of 
Europe.  A  fairly  wide  limit  of  variation  in  rate  is  allowed, 
partly  on  accoimt  of  the  great  difficulty  in  securing  a  perfectly 
definite  and  tmiform  rate,  and  partly  from  the  belief — ^bome  out 
by  rather  limited  tests — that  little  difference  in  the  results  of 
tests  will  be  obtained  between  the  limits  specified.  It  is  de- 
sirable in  the  discussion  of  this  paper  that  as  much  information 
as  possible  be  brought  out  relatively  to  the  best  possible  method 
of  obtaining  a  satisfactory  spray. 

The  requirement  that  the  insulator  shall  be  tested  with  the 
pin  at  an  angle  rather  than  to  attempt  an  angular  rainfall  is 
given  for  the  reason  that  a  satisfactory  method  has  not  yet 
come  to  the  writer's  attention  for  the  obtaining  and  maintaining 
of  a  satisfactory  angular  rainfall,  under  the  conditions  which 
usually  obtain  where  insulators  are  to  be  tested.  It  is  far  easier 
to  incline  the  insulator  and  use  a  vertical  precipitation,  and  it 
is  considered  far  more  probable  that  results  can  be  repeated 
than  by  providing  for  an  inclined  precipitation. 

The  use  of  a  rain  gauge  for  determining  the  rate  of  precipita- 
tion is  specified,  as  the  writer  has  fotmd  it  nearly  impossible  to 
get  the  rate  of  precipitation  by  measuring  the  flow  of  water 
through  the  supply  pipe,  which  is  frequently  done.  The  diameter 
is  limited  to  three  inches  for  the  reason  that  a  larger  gauge 
would  disturb  the  distribution  of  the  spray  to  some  extent. 
The  type  of  rain  gauge  illustrated  herewith  is  suggested  as 
convenient  and  as  having  been  found  satisfactory  in  tests  where 
it  has  been  used.  The  diameter  of  the  funnel  is  so  chosen  that 
the  precipitation  for  any  elapsed  time  measured  in  cubic  centi- 
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meters  and  divided  by  100,  gives  the  rate  of  precipitation  in 
inches  for  that  elapsed  time.  By  means  of  the  valve  at  the 
bottom  the  water  may  be  nin  into  a  standard  chemical  burette, 
and  quite  accurate  measurements  made.  In  use'  the  rain  gauge 
is  inserted  upside-down  into  the  spray,  and  then  quickly  turned 
to  the  upright  position  when  the  location  to  be  measured  is 
reached.  A  suitable  card  or  other  covering  is  then  quickly 
placed  over  the  top  at  the  end  of  the  elapsed  time.     It  would, 


Fig.  1 — Special  rain  gauge 

of  course,  be  easy  to  provide  a  lid  which  could  be  opened  and 
closed,  in  place  of  the  method  specified. 

The  writer  would  lay  special  emphasis  on  the  importance  of 
the  dew  test  as  probably  determining  the  most  severe  condition 
which  the  insulator  will  ever  be  called  upon  to  meet  in  practice. 
Also  the  fact  that  such  a  test  is  more  nearly  capable  of  exact 
repetition  than  any  precipitation  test.  Furthermore,  in  such  a 
test  the  moisture  on  the  surface  of  the  insulator  must  be  perfectly 
clean  water  if  the  instdator  itself  is  clean,  and  therefore  is  more 
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like  natural  rainwater  and  eliminates  any  possibility  of  varia- 
tions due  to  the  quality  of  the  water  used. 

PlROPOSBD  Standard  Specifications  for  thb  Testing  of  High- 
Voltage  LiNQ  Insulators 
General.  This  specification  is  intended  to  provide  a  standard  method 
of  making  tests  on  porcelain  insulators  or  their  equivalent  which  may 
be  designed  for  use  on  transmission  systems  of  6000  volts  or  above. 
The  specification  is  intended  to  provide  a  means  of  determining  the  per- 
formance of  any  insulator,  and  is  not  intended  to  restrict  design  in  any 
way  whatsoever.     The  specification  is  divided  into  three  parts  as  follows : 

1.  Routine  tests,  or  tests  to  be  made  on  each  individual  insulator,  to 
show  whether  or  not  workmanship,  materials,  and  dielectric  strength  are 
up  to  the  required  standard. 

2.  Design  tests,  or  tests  to  show  the  limitations  of  a  design  under  a 
specific  set  of  test  conditions. 

3.  Methods  of  testing.  The  methods  to  be  followed  in  making  the 
various  tests  specified,  are  separated  from  the  body  of  the  specification 
as  a  matter  of  convenience  for  reference. 

1.  Routine  Tests 

a.  Inspection.  Each  insulator  shall  be  inspected  to  see  that  it  is 
reasonably  free  from  mechanical  flaws,  defects  of  glazing  and  cementing, 
chipping,  etc.  Those  parts  of  the  insulator  which  are  to  be  fitted  to 
caps,  pins  or  other  fastening  devices  shall  be  sufficiently  close  to  designed 
dimensions  to  insure  first  class  work  ?n  assembling  and  mounting.  The 
general  over-all  dimensions  shall  not  vary  more  than  plus  or  minus  5  per 
cent,  from  the  designed  size. 

6.  Dielectric  tests.  When  tested  dry  each  shell  of  insulators  of  the 
cemented  type  and  each  unit  of  insulators  made  up  of  units,  shall  with- 
stand for  a  period  of  5  minutes  three  times  its  proportion  of  the  line 
voltage,  based  on  the  total  number  of  shells  or  units  of  which  the  insu- 
lator is  composed.  (For  example,  each  shell  of  a  four-part  insulator 
shall  withstand  }  times  the  normal  line  voltage  on  which  the  insulator  is 
to  be  used,  for  a  period  of  five  minutes.) 

When  tested  dry  each  completed  insulator  shall  withstand  for  a  period 
of  five  minutes  2.5  times  the  line  voltage  on  which  it  is  to  be  used. 

If  any  shell  or  any  insulator  shows  excessive  localized  discharge  without 
puncture,  the  test  on  same  may  be  continued  for  two  additional  periods 
of  five  minutes  each.  Excessive  local  heating  or  excessive  localized  dis- 
charge shall,  if  continued,  be  considered  a  failure. 

Insulators  not  to  exceed  5  per  cent,  of  any  lot  shall  be  tested  for  flash- 
over  by  raising  the  voltage  gradually,  or  by  steps  of  not  more  than  5  per 
cent.,  until  flash-over  occuis.  If  there  is  failure  by  puncture  of  more 
than  one-half  of  those  so  tested,  the  flash-over  test  may  be  required  on 
all  insulators  of  the  lot  on  order. 

2.  Design  Tests 
Tests  to  determine  the  limitations  of  any  particular  design  are  to  be 
made  on  a  few  insulators,  not  more  than  5  per  cent,  of  any  particular  lot 
on  order. 
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a.  Mechanical  tests.  Insulators  mounted  on  pins  shall  withstand  a 
side  pull  exerted  on  the  tie  groove  at  right  angles  to  the  axis  of  the  pin, 
of  . . .  pounds.  Cemented  insulators  and  insulators  made  up  of  units 
shall  withstand  a  direct  pull  along  the  axis  of  the  pin,  or  equivalent,  of  . . . 
pounds  the  force  being  exerted  between  the  crossarm  and  line  fastenings.    ' 

b.  Routine  tests.  Insulators  must  successfully  withstand  tests  imder 
the  heading  of  routine  tests. 

c.  Rain  tests.  In  addition  to  the  routine  dielectric  tests,  the  insulators 
shall  withstand  the  following  dielectric  test  when  subjected  to  artificial 
rain.  With  a  vertical  precipitation  of  not  less  than  0.3  in.  per  minute 
and  not  more  than  0.4  in.  per  minute,  the  insulator  in  normal  position 
mounted  on  a  crossarm  or  its  equivalent,  with  pin  with  which  it  is  to  be 
used,  the  complete  insulator  shall  withstand  for  five  minutes  1.5  times  the 
normal  voltage  of  the  line  on  which  it  is  to  be  used.  With  the  same  rate 
of  precipitation  and  with  the  crossarm  so  turned  that  both  the  crossarm 
and  the  insulator  pin  are  at  an  angle  of  45°  to  the  vertical,  the  complete 
insulator  shall  withstand  for  five  minutes  1.25  times  the  normal  voltage 
of  the  line  on  which  it  is  to  be  used 

d.  Dew  test.  With  the  insulator  cooled  to  0**  cent.,  or  below,  and  then 
placed  in  a  moist  atmosphere  of  30°  to  40°  cent.,  it  shall  withstand  1.25 
times  the  normal  line  voltage  after  the  insulator  has  become  thoroughly- 
covered  over  its  entire  surface  by  the  condensation  of  moisture  from  the 
atmosphere. 

3.  Methods  of  Making  Tests 

a.  Mechanical  test.  The  strength  test  of  the  insulator  may  be  made 
by  any  suitable  means  of  obtaining  the  specified  pull.  For  this  test  pin 
insulators  should  be  mounted  on  the  pin  with  which  they  are  to  be  used 
in  practice,  and  a  heavy  copper  wire  or  cable  looped  in  the  tie  groove 
in  such  a  way  that  there  will  be  no  injury  exceeding  that  which  would 
occur  from  the  application  of  the  standing  tie.  Insulators  of  other  types 
shall  be  tested  by  having  the  pull  exerted  between  the  mounting  intended 
for  the  crossarm  and  the  line  wire. 

b.  Dielectric  tests.  Dry  test.  The  surface  of  the  insulator  shall  be 
clean.  The  test  on  pin  type  insulators  shall  be  made  by  placing  the 
insulator  upsidedown  in  a  pan  of  water  to  a  depth  just  sufficient  to  cover 
the  tie  groove  or  equivalent.  This  pan  with  water  forming  one  testing 
terminal  should  be  as  small  in  diameter  as  possible  and  so  arranged  that 
the  striking  distance  over  the  surface  of  the  insulator  is  not  reduced. 
Water  shall  be  placed  in  the  pin-hole  of  the  insulator,  covering  that 
portion  of  the  insulator  which  would  come  in  contact  with  the  pin  or 
equivalent.  When  insulators  have  metal  thimbles  placed  in  the  pin- 
hole or  are  mounted  complete  with  metal  pins,  the  thimbles  or  pins  may 
be  used  in  place  of  the  water  in  the  pin-hole.  Connection  to  the  water 
in  the  pin-hole  forming  the  other  testing  terminal  shall  be  made  by  means 
of  any  suitable  metallic  conductor,  which  must  be  so  placed  that  it  is 
central  with  the  pin-hole  and  extends  far  enough  above  the  insulator  so 
that  it  will  not  shorten  the  striking  distance  from  the  wire  groove  to  this 
conductor.  In  testing  the  shells  of  insulators  made  up  of  concentric 
shells,  tests  shall  be  made  from  a  pan  of  water  in  which  the  insulator  is 
placed  upside-down  as  one  terminal,  to  water  placed  inside  the  shell  as 
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the  other  terminal,  the  depth  of  water  in  the  pan  and  in  the  shell  being 
50  arranged  as  to  cover  that  part  of  the  insulator  which  will  be  in  contact 
with  the  cementing  material.  In  testing  units  of  insulators  made  up  of 
units,  the  testing  terminals  shall  consist  of  the  metal  mountings  or  their 
equivalent,  with  which  the  insulators  are  to  be  used  in  practice. 

Rain  test.  The  rain  test  shall  be  made  by  mounting  the  insulator  on  a 
metal  pin  or  equivalent  so  arranged  that  it  may  be  placed  either  vertical 
or  at  an  angle  of  45*'  to  the  vertical.  Clean  water  shall  be  used  and  the 
precipitation  shall  be  such  that  the  water  falls  in  a  fine  spray  and  in 
practically  a  vertical  direction  and  at  a  rate  of  from  0.2  in:  to  0.3  in.  per 
minute,  over  the  area  formed  by  the  vertical  projection  of  the  insulator. 
The  rate  of  precipitation  shall  be  obtained  by  the  use  of  a  suitable  rain 
gauge  of  not  more  than  3  in.  in  diameter. 

Frequencies.  Dielectric  tests  shall  be  made  at  the  standard  frequencies 
of  either  25  or  60  cycles  per  second.  Any  frequency  between  25  and  60 
cycles  will  be  considered  as  meeting  the  specification.  Lower  or  higher 
frequencies  will  be  considered  as  special. 

Voltage  control.  When  only  a  very  limited  number  of  insulators  are 
tested  in  parallel,  the  test  voltage  may  be  taken  from  a  constant  potential 
source  and  applied  directly  or  it  may  be  raised  to  the  required  value 
gradually.  When  a  considerable  number  of  insulators  are  tested  to- 
gether, the  test  voltage  shall  be  raised  to  the  required  value  smoothly 
and  without  sudden  large  increments  and  then  applied  for  the  prescribed 
interval.  Flash-over  tests  and  other  tests  requiring  variation  of  voltage 
shall  be  made  by  raising  the  voltage  to  the  required  value  smoothly  and 
without  sudden  large  increments. 
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Discussion  on  "  The  Testing  of  High-Voltage  Line  Insu- 
lators." Atlantic  City,  N.  J.,  June  30,  1908 

Percy  H.  Thomas:  The  testing  of  a  high-voltage  insulator 
by  application  of  voltage  from  a  spark-gap  or  other  high-fre- 
quency discharge  has  an  extremely  important  bearing  on  the 
type  of  insulator.  A  four-part  insulator  or  a  three-part 
insulator,  in  fact  any  large  insulator,  has  its  resisting  power 
made  up  of  a  number  of  elements  all  practically  in  series.  The 
possibility  of  the  concentration  of  potential  on  certain  parts  of 
these  insulators  is  well  recognized.  This  condition  is  recognized 
as  greatly  reducing  the  breakdown  voltage  of  an  arrester.  The 
feature  I  wish  to  bring  out  is  that  with  very  high  frequencies 
this  concentration  effect  is  enormously  multiplied.  I  believe 
that  a  careful  study  of  this  matter  will  result  in  some  modifica- 
tion of  insulator  design. 

I  ask  Mr.  Skinner  if  it  is  worth  considering  that  there  will 
be  a  difference  in. local  heating,  according  to  the  frequency  of 
the  test  current;  for  example,  a  133-cycle  test  might  show 
local  heating  which  would  not  show  on  a  25-cycle  test.  Any 
local  heating  in  a  specific  insulator  is  a  very  important  item, 
as  it  indicates  an  inside  weakness. 

Ralph  D.  Mershon:  Mr.  Skinner's  paper  interests  me  not  so 
much  because  it  suggests  specifications  for  an  insulator  but 
because  it  recommends  certain  definite  methods  of  test.  There 
is  one  recommendation  especially  with  which  I  heartily  concur ; 
that  is,  make  rain  tests  by  using,  in  all  cases,  a  vertical  spray 
and  placing  the  insulator  at  a  specified  angle,  instead  of  en- 
deavoring to  imitate  rain  conditions  as  regards  the  angle  of 
precipitation. 

Rain  conditions  are  indefinite  and  variable,  so  that  any 
assumptions  made  in  regard  to  them  must  necessarily  cover  only 
one  of  many  conditions.  The  best  that  can  be  done  is  to  as- 
sume a  maximum  rate  of  imiform  precipitation  at  a  definite 
angle.  We  know,  with  a  fair  degree  of  accuracy,  the  maximum 
rate  which  will  not  be  exceeded  in  practice.  The  angle  of  pre- 
cipitation may,  however,  vary  from  approximately  zero  degrees 
with  the  horizontal,  to  90  degrees.  It  is  usual  to  assume  45  degrees 
as  a  fair  compromise.  But  having  made  thes  assumptions,  which 
can  not  represent  all  actual  conditions,  we  are  imable  accurately 
and  conveniently  to  produce  them.  It  is  extremely  difficult 
to  get  a  water  spray  to  fall  at  any  definite  angle,  other  than 
90  degrees  with  the  horizontal,  and  with  uniform  precipitation. 
The  result  is  that  flash-over  tests  made  by  different  observers 
with  different  testing  equipments,  or  even  at  different  times  by 
the  same  observer  with  the  same  equipment,  are  often  most 
discordant. 

It  seems  to  me  it  would  be  much  better  to  adopt  a  method 
of  test  which,  whether  it  does  or  does  not  appear  to  represent 
very  closely  actual  conditions,   will  serve  as  a  criterion   and 
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will  oflFer  some  chance  of  reproduction,  approximately  at  least, 
at  different  times  and  with  different  observers.  This  will  be 
accomplished  if  the  spray  be  kept  vertical  and  the  insulator 
inclined,  for  there  is  a  great  deal  better  chance  in  that  case  of 
obtaining  a  uniform  spray  at  a  definite  angle  with  respect  to 
the  insulator. 

The  present  method  of  testing  insulators  for  flash-over  con- 
ditions tmder  precipitation  is  very  tm satisfactory,  so  far  as 
repetition  is  concerned.  I  have  lately  made  some  experiments 
on  a  new  type  of  insulator  under  what  was  supposed  to  be  a 
precipitation  of  one  inch  in  five  minutes  at  an  angle  of  45®. 
About  a  week  afterwards  another  observer  made  similar  tests 
under  as  nearly  as  possible  similar  conditions,  and  obtained  the 
same  results.  About  three  weeks  afterwards  the  same  man 
endeavored  to  repeat  the  results  and  could  not  get  anywhere 
near  the  figures  which  had  been  obtained  in  the  first  place  for 
flash-over  under  rain  conditions.  I  have  had  similar  experi- 
ences repeatedly  and,  as  the  result,  have  usually,  when  de- 
siring to  compare  two  insulators  as  regards  flash-over,  endeav- 
01  ed  to  test  them  together,  either  simultaneously  or  by  keeping 
the  spray  the  same  and  alternately  substituting  one  insulator 
for  the  other.  The  latter  is  probably  the  safer  method,  as 
more  likely  resulting  in  the  same  precipitation  in  both  cases. 

I  am  disappointed  that  Mr.  Skinner  has  not  gone  more  fully 
into  the  question  of  the  kind  of  spray  nozzle  for  producing  a 
uniform  precipitation.  It  is  difficult  to  get  a  noz^e  which  will 
give  uniform  distribution  and  do  so  continuously.  It  would 
be  of  great  value  if  Mr.  Skinner  could  tell  us  where  or  how  to 
obtain  a  nozzle  which  would  fulfil  the  requirements. 

The  rate  of  precipitation  usually  assumed  is  about  one  inch 
in  five  minutes.  The  maximum  rate  of  precipitation  of  which  the 
United  States  Weather  Bureau  has  any  record  is  less  than  eight- 
tenths  of  an  inch  in  five  minutes.  Something  more  than  the 
maximum  observed  rate  is  desirable,  and  it  would  seem,  there- 
fore, that  one  inch  in  five  minutes  would  be  amply  sufficient. 
I  would  suggest  that  this  figure,  or  its  equivalent,  two-tenths 
of  an  inch  in  one  minute,  be  adopted,  instead  of  the  range  of 
precipitation  which  Mr.  Skinner  has  suggested. 

I  agree  with  Mr.  Thomas  that  frequency  will,  in  all  proba- 
bility, have  a  considerable  effect  on  the  flash -over  voltage  of 
the  insulator;  if  this  is  shown  to  be  the  case,  the  insulator  should 
be  tested  at  the  frequency  for  which  it  is  designed.  The  flash- 
over  voltage  will  also  probably  depend  a  good  deal  upon  the 
method  of  voltage  control  in  making  the  test.  The  discordant 
results  obtained  with  different  testing  equipments  are,  no  doubt, 
due  in  part  to  the  fact  that  the  voltage  is  usually  controlled 
by  means  of  a  rheostat  in  series  with  the  testing  transformer. 
This  method  of  control  will,  under  some  conditions,  materially 
modify  the  wave-form.  If  the  voltage  be  varied  by  varying 
the  field  of  the  generator,-  there  is  a  much  better  chance  for 
concordant  results. 
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Clayton  H.  Sharp:  In  reference  to  the  production  of  a 
proper  spray  or  precipitation  for  use  in  the  testing  of  insulators, 
I  am  having  constructed  at  present  an  apparatus  which  has 
been  suggested  by  an  arrangement  in  use,  I  believe,  in  the 
German  Reichsanstalt.  This  arrangement  consists  of  a  large 
cylindrical  vessel,  which  has  a  considerable  liumber  of  little 
tubes  running  out  from  the  bottom  of  it,  equally  spaced  in 
centers  of  one  and  one-half  inch  squares.  The  top  is  closed  and 
has  a  micrometer  valve  by  which  the  admission  of  air  can  be 
controlled.  On  the  side  there  is  an  ordinary  gauge  glass  to 
show  the  level  of  the  water  and  the  rate  of  precipitation.  These 
tubes  will  have  cotton  wicking  stuffed  into  them  of  proper 
thickness,  and  a  tail  of  fine  wire,  to  enable  the  drops  to  fall  off. 
With  an  arrangement  of  that  kind,  I  hope  to  get  a  imiform 
dropping  of  the  water;  in  other  words,  an  imitation  of  a  rain- 
storm, which  can  be  regulated  by  changing  the  admission  of 
air  by  the  valve,  and  in  which  the  rate  of  precipitation  can  be 
measured  on  the  gauge  glass  at  the  side.  By  setting  up  a  fan 
at  one  side  the  effect  of  a  hard  wind  may  be  obtained.  I  do  not 
know  that  such  an  apparatus  has  ever  been  used,  at  any  rate 
in  this  country;  if  it  has  I  would  like  to  know  what  the  results 
of  experience  with  a  device  of  that  kind  have  been.  It  seems  to 
me  that  such  a  device  has  a  great  advantage,  coming  nearer  to 
an  actual  rainstorm  than  any  ordinary  spraying  arrangement. 
It  gives  separate  drops  of  water,  and  that  is  what  we  want. 

E.  M.  Hewlett:  Regarding  the  rain  test  on  insulators,  some 
folks  Uke  heavy  rain,  some  Uke  a  flood,  and  some  are  satisfied 
with  a  mist.  I  do  not  believe  you  can  satisfy  everybody.  It 
looks  as  though  possibly  a  steam  test  might  give  a  better  average 
condition;  there  will  not  be  so  many  conditions  to  balance  up. 
You  can  get  quite  a  film  of  moisture  on  the  surface  with  the 
steam  test,  and  can  duplicate  it  more  readily  than  the  rain  test, 
making  better  average  tests.  The  rain  test  is  of  value  in  deter- 
mining insulator  design. 

Chi^.  P.  Steinmetz:  There  is  one  test  which  I  do  not  find 
mentioned  in  Mr.  Skinner's  paper,  and  that  is  the  test  of  the 
insulator  after  being  submerged  in  water  for  a  considerable 
period,  a  week  or  ten  days,  or  more.  A  porcelain  insulator  may 
well  stand  all  the  tests  outlined  here,  and  may  fail  in  service 
after  a  few  weeks  or  months,  by  absorption  of  moisture  through 
hair  cracks  in  the  glaze,  due  to  incomplete  vitrification  or  to 
porosity  of  the  material.  Porcelain  is  by  no  means  an  ideal 
material  for  an  insulator.  It  is  a  heterogeneous  mass,  more  or 
less  completely  vitrified  in  its  interior,  and  covered  with  a  glaze. 
If  the  vitrification  is  perfect,  it  is  just  as  good  and  uniform  as 
glass,  but  if  the  vitrification  is  not  perfect,  as  long  as  the  glaze 
keeps  the  moisture  out  it  will  stand,  but  as  soon  as  by  tem- 
perature variation  of  the  air  the  glaze  begins  to  acquire  hair 
cracks,  moisture  soaks  in  and  the  insulation  strength  goes 
down.     Glass  would  be  preferable  except  that  it  is  mechanically 
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weak,  and  is  hydroscopic,  and  so  covers  itself  with  a  film  of 
moisture.  I  am  not  entirely  satisfied  with  such  a  test  as  im- 
mersion in  water,  but  I  bring  it  to  your  attention.  Perhaps 
some  one  else  might  suggest  a  better  way  of  testing  a  small 
percentage  of  insulators  for  absorption  of  moisture  and  de- 
crease of  disruptive  strength  resulting  therefrom  by  long- 
continued  exposure  to  water  and  atmospheric  conditions. 

I  also  raise  the  question  whether  it  is  advisable,  as  proposed 
in  the  paper,  to  allow  any  tests  of  less  than  twice  the  rated 
voltage.  Here  tests  are  proposed  of  one  and  one-quarter  and 
one  and  one-half  times  the  rated  voltage.  Now,  you  know  that 
in  our  standardization  rules,  no  voltage  test  is  permitted  on 
any  apparatus  of  less  than  twice  the  rated  voltage.  That  is 
the  minimum  test  permitted.  Here  we  have  recommended 
tests  under  undesirable,  but  still  actually  existing  conditions, 
of  one  and  one-quarter  times  the  rated  voltage.  The  margin 
is  rather  small,  probably  too  small.  Many  of  us  feel  that  at 
the  present  time  the  insulator  is  the  weakest  link  in  the  long- 
distance transmission  system.  The  occasional  use,  for  instance, 
of  60,000-volt  insulators  on  40,000-volt  systems  also  shows  that 
the  engineers  feel  that  the  extra  high-voltage  insulator  is  really 
not  quite  as  good,  does  not  have  the  same  margin  of  safety,  as 
other  apparatus.  It  would  be  much  more  consistent  if  we 
insisted  in  testing  the  insulators  to  ascertain  that  they  have 
the  same  margin  of  disruptive  strength  as  all  other  apparatus 
is  supposed  to  have,  instead  of  so  moderating  the  tests  as  to  allow 
the  insulators  to  be  rated  at  a  voltage  to  which  they  are  not  en- 
titled on  the  basis  of  the  margin  of  safety  standard  for  all  other 
parts  of  the  system. 

In  regard  to  specifying  the  number  of  insulators  tested  on 
one  trial,  etc.,  my  understanding  is  that  the  paper  proposed 
additional  matter  to  the  rules  of  our  Standardization  Committee, 
so  in  this  connection  our  standardization  rules — which  specify 
how  many  insulators  you  can  test  from  one  transformer,  that 
is,  how  large  the  capacity  current  can  be  compared  to  the  tran- 
former  capacity — ^would  apply.  All  those  features  that  are 
specified  by  our  standardization  rules  are  implied,  and  the 
paper  merely  brings  forward  additional  matter. 

C.  E.  Skiimer:  I  am  a  little  surprised  that  nothing  has  been 
said  in  the  discussion  in  regard  to  the  dew  test.  I  do  not  know 
whether  this  test  ha&  been  used  to  any  great  extent  or  not,  but 
those  who  have  used  it  claim  that  it  is  far  more  satisfactory 
than  any  rain  test,  and  also  more  severe,  and  it  is  one  that 
ought  to  be  relatively  easy  to  repeat. 

In  regard  to  the  number  of  insulators  which  may  be  tested  on 
a  given  size  transformer,  I  would  say  that  Dr.  Steinmetz  has 
already  covered  the  point.  You  will  note  that  the  paragraphs 
on  voltage  control,  capacity  of  testing  transformers,  etc.,  are 
practically  copied  from  the  standardization  rules.  They  are 
partly  repeated  here,  in  order  to  make  the  specification  com- 
plete. 
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In  regard  to  the  question  of  placing  the  insulator  vertically, 
and  having  an  angular  spray,  I  agree  entirely  with  Mr.  Mershon ; 
no  method  has  yet  been  brought  to  my  attention  which 
could  be  controlled  with  sufficient  accuracy  to  allow  repetition. 
This  specification  is  intended  to  be  a  performance  specification, 
and  to  have  a  performance  specification  you  must  be  able  to 
repeat  your  tests.  The  best  we  have  been  able  to  do  in  our 
laboratory  in  making  tests  is  to  get  a  spray  which,  measured 
by  the  rain  gauge,  taking  successive  squares  in  the  spray,  showed 
a  variation  of  very  approximately  that  given  in  the  specifica- 
tion, that  is,  0.2  to  0.3  inches  per  minute.  I  do  not  believe  it 
makes  very  much  difference  whether  it  is  a  little  more  or  a  little 
less.  I  think  that  with  that  amount  of  water  the  results  will 
be  about  the  same.  Mr.  Mershon  referred  to  a  rate  of  one  inch 
in  five  minutes — ^which  is  equivalent  to  0.2  inch  per  minute. 
In  all  the  commimications  that  I  received,  I  did  not  hear  of  the 
method  mentioned  by  Dr.  Sharp,  although  I  was  in  communi- 
cation with  some  of  the  German  porcelain  manufacturers.  As 
a  matter  of  fact,  their  letters  did  not  give  me  very  much  informa- 
tion in  regard  to  their  method  of  obtaining  the  spray.  I  think 
that  it  would  be  impossible  to  use  a  fan  and  blow  the  spray 
the  same  on  two  successive  days — that  it  would  be  out  of  the 
question  to  repeat  tests  of  that  kind. 

The  steam  test  suggested  by  Mr.  Hewlett  I  think  is  virtually 
covered  by  what  I  called  the  dew  test  here.  It  is  merely  gotten 
at  in  a  little  different  way,  and  in  a  way  which  is  frequently 
met  in  practice ;  that  is,  the  insulator  is  cooled  down  during  the 
night,  and  in  the  morning,  particularly  in  the  tropics,  and  in 
places  where  the  temperature  rises  suddenly,  the  insulator 
becomes  completely  coated  over  its  entire  surface  with  a  layer 
of  moisture. 

The  immersion  test  suggested  by  Dr.  Steinmetz  I  think  would 
be  a  very  good  one  to  add  to  the  performance  test,  but  I  think 
it  would  be  rather  burdensome  to  make  on  all  insulators. 

In  regard  to  the  over-potential  test  of  one  and  a  quarter  and  one 
and  a  half  times,  I  would  refer  to  the  introduction  of  the  paper, 
in  which  I  disclaim  any  great  responsibility  for  the  data  there 
given;  my  own  idea  is  that  the  tests  specified  are  rather 
too  low.  I  would  like  to  see  them  higher,  and  if  insulators  can 
be  purchased  at  a  reasonable  price  for  use  on  transmission  lines 
under  the  more  severe  conditions,  I  would  like  to  see  the  double- 
potential  test  substituted  for  the  one  given. 

Ralph  D.  Mershon:  As  regards  the  dew  test,  both  as  sug- 
gested by  Mr.  Skinner  and  by  Mr.  Hewlett,  it  does  not  seem 
a  definite  test.  Moist  atmosphere — what  does  that  mean?  It 
would  make  a  great  deal  of  difference  in  the  condition  of  the 
insulator  just  how  long  it  is  left  out,  and  just  what  that  moist 
atmosphere  means — how  can  you  give  any  definite  condition? 

C.  E.  Skinner:  I  have  not  made  the  dew  test  myself.  It 
was   proposed   by   two   or   three  other   persons  who  claimed 
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they  had  made  this  test  and  found  it  perfectly  satisfactory. 
If  the  air  contains  a  fair  amount  of  moisture,  there  will  be  a 
sufficient  collection  of  moisture  on  the  surface  of  the  insulator 
to  make  it  flash  over,  under  the  test  specified. 

E.  M.  Hewlett:  We  have  made  the  steam  test,  and  find  it  is 
easier  to  make  the  steam  test  than  it  is  to  get  up  in  the  morn- 
ing early  so  as  to  find  the  insulator  cool  enough  to  test  it  with 
the  dew  test.  We  put  the  steam  on  the  insulator  with  a  hose 
until  the  surface  is  covered  with  condensed  steam,  and  then 
make  the  voltage  test. 

If.  J.  Reall  (by  letter) :  Routine  test.  Inspection.  I  doubt 
very  much  the  wisdom  of  allowing  so  large  a  variation  as  ± 
5  per  cent,  in  general  over-all  dimensions  from  the  designed 
size.  This  is  particularly  critical  for  extra  high-potential  de- 
signs, where  an  insulator  14  inches  in  diameter  and  14  inches 
high  may  have  a  considerably  lower  arcing  test  than  one  15 
inches  in  diameter  by  15  inches  high.  I  think  ±  2.5  per  cent, 
would  be  safer. 

Dielectric  tests.  This  is  a  good  commercial  rule  for  testing 
parts,  but  due  consideration  should  be  given  the  potential  gra- 
dient of  the  insulator  as  a  whole  as  well  as  the  individual  electro- 
static capacities  of  the  parts  in  series  therein.  Actually  I 
would  expect  the  top  of  an  insulator  to  get  almost  line  poten- 
tial strain,  particularly  if  the  pin  be  grounded.  I  would  call 
for  three  times  the  usual  line  voltage,  2.5  times  is  not  high 
enough.  There  is  no  designation  as  to  what  constitutes  a 
"  lot."  I  should  suggest  a  selective  test  from  each  kiln  fired. 

Design  test.  This  permission  to  test  as  many  as  5  per  cent, 
is  generous  indeed.  In  general,  a  much  smaller  percentage 
than  this  should  suffice. 

Rain  tests.  1.5  times  normal  voltage  is  too  low;  it  should 
be  at  least  2  tim^s.  Likewise  for  dew  test, — of  shorter  duration 
than  5  minutes,  say  1  or  2  minutes.  In  none  of  these  specifica- 
tions is  the  important  requirement,  **  with  pin  grounded," 
mentioned. 

Methods  of  making  tests.  Rain  test.  The  proposed  angular 
position  of  the  insulator  with  respect  to  a  vertical  rain  does  not 
appeal  to  me,  because  the  whole  combination  of  static  field 
and  reflected  rain  as  found  in  service  is  apparently  inadequately 
reproduced  in  this  way.  I  prefer  the  rain  at  an  angle  instead. 
This  detail  requires  further  working  out. 

In  addition  to  the  preceding  details,  I  wish  to  add  the  fol- 
lowing: For  testing  insulators  local  conductors  should  be  of 
large  diameter  to  cut  down  the  excessive  ionization  usually 
present  in  such  tests.  There  should  be  some  "  table  *'  of  the 
number  of  insulators  of  given  size  that  it  is  permissible  to  simul- 
taneously test  with  a  testing  transformer  of  given  capacity. 
In  testing  large  insulators  in  large  numbers  for  extra  high 
voltage,  the  charging  current  alone  may  impair  the  value  of  the 
test.    There  must  be  some  recognized  method  of  measuring 
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the  voltage.  Just  as  soon  as  the  true  character  of  spark-gaps 
is  known  it  should  be  applied  to  this  work  authoritatively.  In 
the  meanwhile  I  would  suggest  the  use  of  shielded  spark-gaps 
with  spherical  tips — needles  being  more  liable  to  error  and 
burdensome  in  practice.  For  general  testing,  the  voltage  by 
ratio  is  desirable,  provided  it  can  be  kept  free  of  error;  and  the 
specification  as  to  appropriate  size  of  apparatus  might  include 
among  its  requirements  a  description  of  the  apparatus. 

I  have  already  called  attention,  in  my  recent  paper  on  light- 
ning before  the  Institute,  to  the  desirability  of  equivalent  spark- 
gap  measurements  of  insulators  as  indications  of  their  non- 
arcing  power.  The  arcing-over  test  of  the  insulator  is  no  more 
indicative  of  its  efficiency  than  the  same  test  on  a  lightning  ar- 
rester. 

The  tendency  of  the  proposed  specification  seems  to  be  a 
letting  down  rather  than  a  stifiEening  of  those  requirements 
heretofore  generally  followed.  I  think  the  record  of  operation 
of  high-tension  transmission  systems  will  show  the  wisdom  of 
making  this  element  thereof  stronger  than  is  proposed  in  these 
specifications. 

Aside  from  these  criticisms  of  details,  I  wish  to  state  my 
belief  that  such  a  specification  as  here  proposed  by  Mr.  Skinner 
is  highly  desirable. 
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VOLTAGE  RATIO  IN  SYNCHRONOUS  CONVERTERS 
WITH  SPECIAL  REFERENCE  TO  THE  SPLIT-POLE 
CONVERTER 

BT  COMFORT  A.   ADAMS 


Introduction.  The  interesting  discussion  on  the  split-pole 
converter  at  the  February  New  York  meeting  of  the  Institute 
instigated  the  following  paper,  which  consists  of  a  purely  the- 
oretical analysis,  the  principal  object  of  which  is  to  show  how 
the  field  distortion  of  a  split-pole  converter  does  not  necessarily 
involve  electromotive  force  distortion. 

Incidentally  there  will  be  developed  a  method  of  analysis  by 
which  the  direct  electromotive  force  or  any  one  of  the  alternating 
electromotive  forces  is  determined  analytically  from  the  harmonic 
analysis  of  the  flux  distribution  curve,  thus  establishing  a  simple 
and  direct  connection  between  the  shape  of  the  flux  distribution 
curve,  and  the  shapes  as  well  as  the  magnitudes  of  the  resulting 
electromotive  forces. 

Definitions 

Brush  electromotive  force  and  tap  electromotive  force.  The 
electromotive  force  between  two  adjacent  commutator  brushes 
will  be  called  the  brush  electromotive  force  and  that  between 
collector  rings  the  tap  electromotive  force. 

Belt.  In  the  ordinary  closed-coil,  two-layer  lap  winding,  a 
series  path  between  two  adjacent  brushes  or  between  two  ad- 
jacent taps,  is  made  up  of  a  set  of  coils,  half  of  the  sides  of  which, 
in  the  tops  of  slots,  form  a  belt  of  conductors;  the  other  half,  in 
the  bottoms  of  other  slots,  form  a  similar  belt,  but  connected  in 
the  opposite  direction.     In  the  wave  winding  a  series  path 
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contains  as  many  such  sets  of  coils  or  pairs  of  belts  as  there 
are  pairs  of  poles.  With  a  full  pitch  winding  the  two  belts  of 
any  pair  are  180  electrical  degrees  apart  between  centers;  but 
less  in  a  fractional  pitch  winding. 

For  a  series  path  between  brushes  the  span  of  each  belt  is 
180  electrical  degrees,  and  for  a  path  between  taps  the  belt  span 
depends  upon  the  number  of  phases;  180®  for  the  single-phase  or 
diametral  connection,  120°  for  the  three-phase,  90®  for  the  quarter- 
phase,  etc.  In  Fig.  1  is  shown  the  location  of  a  pair  of  belts 
forming  a  path  between  brushes,  for  three  different  values  of 
the  coil  pitch.  The  solid  lines  indicate  the  top  slot  belts  and 
the  broken  lines  bottom  slot  belts.  The  brushes  are  also  shown, 
together  with  the  flux  distribution  curve.  The  broken  curve 
shows  a  split-pole  distortion. 


,  CoilPtlch'OO 


Differential-factor.  The  brush-belts  are  as  a  whole  stationary, 
although  the  individual  components  thereof  are  cutting  through 
the  flux,  each  belt  remaining  under  a  particular  pole  so  that  all 
of  its  elements  are  cutting  flux  in  the  same  direction ;  but  a  tap- 
belt  revolves  as  a  whole  and  at  times  lies  across  parts  of  two 
poles,  thus  generating  opposing  electromotive  forces  in  the  two 
parts  of  the  belt  and  reducing  the  effectiveness  of  electromotive 
force  generation  by  introducing  what  may  be  called  differential- 
action.  The  average  electromotive  force  induced  in  this  belt 
is  therefore  less  than  that  induced  in  an  equal  ntmiber  of  active 
conductors  in  a  brush-belt,  and  the  factor  by  which  it  is  less 
will  be  called  the  differential-factor,  since  it  takes  account  of  the 
differential  cutting  of  the  flux. 

A  diflEerential  action  also  takes  place  in  the  brush-belts,  in  the 
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case  of  fractional-pitch  windings,  or  when  the  brushes  are  dis- 
placed from  the  neutral  points. 

Form-factor,  The  tap  voltage  differs  from  the  brush  voltage  in- 
duced in  the  same  ntunber  of  conductors,  not  only  because  of  the 
diflEerential  action  which  reduces  the  average  useful  electro- 
motive force,  but  also  because  the  effective  or  root-mean-square 
tap  voltage  differs  from  the  average  by  a  factor  called  the  form- 
factor  which  depends  upon  the  wave-shape. 

If  E  and  £,  be  the  brush  and  the  single  phase  (or  diametral) 
tap  electromotive  force,  respectively,  we  may  write 

E.^k^kfE  (1) 

where  k^  and  kf  are  the  differential-  and  the  form-factor  re- 
spectively. These  two  constants  are  closely  connected  and  are 
commonly  combined  into  a  single  constant,  but  they  represent 
two  distinct  phenomena  which  are  not  inter-dependent,  since 
they  may  be  combined  in  a  great  variety  of  proportions.  For 
example,  in  the  split-pole  converter  it  is  possible  so  to  propor- 
tion the  parts  as  to  change  the  differential-factor,  and  therefore 
the  voltage  ratio  over  a  wide  range  without  producing  much 
change  in  the  form-factor  or  the  wave-shape. 
The  writer's  present  purpose  is  to  show  how  this  can  be  done. 

Flux  Distribution  Curve  and  Single-Conductor  Electro- 
motive Force 

Imagine  a  single  conductor  to  cut  through  the  gap  jflux  at 
normal  speed;  the  induced  electromotive  force  will  be  at  each  in- 
stant proportional  to  the  density  of  flux  through  which  it  is 
cutting,  and  the  resulting  electromotive  force  curve  will  have 
the  same  shape  as  the  flux  distribution  curve.  It  will  be  con- 
venient to  deal  with  this  elementary  electromotive  force  curve 
in  considering  the  resultant  electromotive  force  of  a  whole 
belt.  The  elementary  electromotive  force  curve  may  be  ex- 
pressed algebraically  in  the  form  of  Fourier's  series,  thus; 


ef  =  a^  sin  wt-\-a^  sin  Zu)t-\-a^  sin  b(ot-\-a^  sin  l(i)t-\-     etc 
+  6^  cos  (ot-^-h^  cos  ^t^-h^  cos  ba)t-\-b^  cos  To^Z-h     etc. 


(2) 


where  co  =  2  Ttn,  and  n  is  the  fimdamental  frequency. 

For  our  present  purpose  equation  (2)  may  be  more  conven- 
iently written: 
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^ 


(3) 


sin  <y/+?«,  sin  So^Z+^as  sin  5a^<+ 

-\-qam  sin  m  o^Z-Hetc. 
55^  cos  a)t-\-qh^  cos  3  o^Z+g^a  cos  b(ot  +    .  \    . 

+®>m  cos  m  a><+etc. 

where  iam  '^ -^  and  qbm  ^  — 

Relation  op  Brush  Voltage  to  the  Elementary  or  Single- 
Conductor  Electromotive  Force 

It  will  be  assumed  in  what  follows  that  the  harmonic  analysis 
of  the  single-conductor  electromotive  force  was  so  carried  out 
that  the  zero  of  time  in  equation  (3)  corresponds  to  the  instant 
when  the  conductor  in  question  is  passing  under  one  of  the 
brushes- 

With  this  assumption,  the  brush  voltage,  which  is  proportional 
to  the  area  or  to  the  average  value  of  the  elementary  electro- 
motive force  wave  between  brushes,  is: 


Edc     =   ^— ^Tl+Y^a.  +  ygas  +  y  ^aT  +  ^g-^at  +  etcj 


(4) 


2 
or  if  we  designate —  Nay^  by  E^ 


£:^c  =  £,  1^1+  y^a,+    y^a5+y7a7+.     •  etC.J 


(4a) 


where  N  is  the  number  of  conductors  in  series  between  brushes. 
The  cosine  terms  drop  out,  since  the  average  value  of  the 
cosine  over  a  half  cycle  beginning  with  zero,  ;r,  or  any  multiple 
thereof,  is  zero.  The  average  value  of  an  odd  wth  harmonic 
sine  term  taken  over  a  half -cycle  of  the  fundamental  is  1/wth 
of  the  average  value  of  a  half  cycle  of  that  term,  since  the  other 
w-1  half -waves  cancel  out. 

Relation  op  Tap  Voltage  to  the  Elementary  or  Single- 
Conductor  Electromotive  Force 
For  this  purpose  write  equation  (3)  as  follows: 

^  =  a^  [q,  sin  (o^Z  +  ffj)  +?,  sin  (3  wt^-O^ 

+  ^5  sin  (5 o^Z  +  ffj)  +    .    .    .  qnt  sin  (m (ot-\-e^)  +etc.]  (5) 

where  ^«  =   V(7^om+  Q^bm^     ^^^  ^^  ^  *^^"^  "^  ^^  measured  in 
mth  harmonic  radians. 
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A  little  consideration  will  show  that  ^i  (  =  VT+^TT)  ^^^^ 
not  diflFer  much  from  imity  except  in  cases  of  considerable  dis- 
tortion, and  that  it  is  equal  to  unity  in  the  ordinary  converter 
where  the  flux  distribution  curve  is  symmetrical  about  the  center 
of  the  pole  face,  or  with  the  three-part  split-pole  and  symmetrical 
distortion.  A  displacement  of  the  brushes  would  have  the  effect 
of  increasing  q^. 

The  electromotive  force  of  a  single  slot  will  have  the  same 
shape  as  ^  and  will  differ  only  in  magnitude  according  to  the 
number  of  conductors  per  slot.  The  electromotive  force  of  a 
given  alternating-current  belt  may  be  considered  as  made  up 
of  as  many  components  as  there  are  slots  per  belt,  each  com- 


ponent being  the  electromotive  force  of  a  single  slot  and  differ- 
ing in  phase  from  that  of  an  adjacent  slot  by  the  electrical 
angular  pitch  of  the  slots. 

Then  the  electromotive  force  of  the  belt  will  have  for  its 
fundamental  the  vector  stun  of  the  fundamentals  of  the  electro- 
motive forces  of  the  several  slots  of  that  belt,  and  for  its  mth 
harmonic  the  vector  sum  of  the  wth  harmonics  of  the  slots  of 
that  belt;  but  the  phase  difference  between  the  latter  will  be 
(in  harmonic  degrees)  m  times  as  great  as  that  of  the  funda- 
mentals. For  example,  Fig.  2  shows  the  fundamental  slot 
electromotive  forces  extending  over  180  electrical  degrees  of 
armature  circumference,  for  a  converter  with  12  slots  per  pole, 
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while  Fig.  2a  shows  the  corresponding  twelve  fifth  harmonic 
slot  electromotive  forces.  In  both  Figs,  the  electromotive  forces 
are  ntimbered  in  the  order  of  their  respective  slots  starting  at 
the  point  o.  In  Fig.  2^o  d,  is  the  diametral  or  180°  ftmdamental 
electromotive  force,  o  d,  the  delta  or  120°  electromotive  force 
and  o  d^  the  quarter  phase  or  90°  electromotive  force.  Similarly 
in  Fig.  2a,  o  J,  is  the  vector  sum  of  the  twelve  fifth-harmonic 
slot  electromotive  forces,  that  is,  the  180°  fifth  harmonic;  o  d^ 
the  vector  sum  of  the  fifth  *  harmonic  electromotive  forces  of 
slots  numbers  one  to  eight  inclusive,  that  is,  the  120°  fifth 
harmonic;  and  od^  the  90°  fifth  harmonic.     A  little  considera- 


tion will  show  that  the  ratio  of  the  resultant  to  the  arithmetical 
sum  of  the  fifth  harmonic  slot  electromotive  forces  is  small  as 
compared  with  the  ratio  of  the  resultant  to  the  arithmetical 
sum  of  the  fundamental  slot  electromotive  forces.  These 
ratios  are  the  differential- factors  for  the  fifth  harmonic  ^nd  the 
fundamental  respectively,  and  will  be  labelled  kd^  and  fe^j.  The 
quantity 

will  be  called  the  fifth  harmonic  reduction- factor,  and  is  the 
ratio  in  which  the  fifth  harmonic  of  the  belt  electromotive  force 
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is  reduced  from  that  of  the  slot  electromotive  force  (or  the  flux 
distribution  curve);  that  is,  if  the  amplitude  of  the  fifth  har- 
monic of  the  slot  electromotive  force  is  q  per  cent,  of  the  funda- 
mental, the  amplitude  of  the  fifth  hannonic  of  the  belt  elec- 
tromotive force  will  be  kr^Xq  per  cent,  of  its  fundamental. 
These  relations  may  be  generalized  as  follows: 

Let  Nsp  =  slots  per  pole. 

and  p'  =  the  ntmiber  of  belt  spans  per  electrical  circum- 
ference, (/?'  =  2  for  diametral  connection, 
and  3  for  3  phase  delta  or  6  phase  double 
delta). 

Then  jj —  =  the  phase  difference  between  the  fundamental 
*^  electromotive  forces  of  two  adjacent  slots. 

-j^ —  =  the  phase  difference  between  the  mth  harmonic 
'^  electromotive  forces  of  two  adjacent  slots. 

and  — j^  =  slots  per  belt. 

The  total  phase  rotation  of  the  wth  harmonic  in  all  the  slots 
of  the  belt  will  be 

m  7t      2  Nsp  __   2mn 

and  if  the  diagram  (such  as  Fig.  2j)  be  reduced  to  unit  radius  the 

resultant  of  the  — ~  w**»  harmonics  will  be  2  sin  ^—, 
P  P' 

On  the  same  basis  the  m*^  harmonic  of  the  slot  electromotive 

force  is  2  sin      ,,      and  the  arithmetical  sum  of  the  — ^   nfi^ 
Z  JS sp'  •  p 

.      .    2  Nsp  ^^  o    •      '^'^ 
harmonics  is  — -7-^  X  2  sin  ; 


^      -  2  Nsp 

Thus  the  differential  factor  for  the  wth  harmonic  of  the  belt 
electromotive  force  is 

m  It 
k^^  =  ,J!—  PL 

2  N sp    •        *W  Tt  fa\ 
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and  that  for  the  fundamental 


kdt  = 


^     --P" 


2N 


(7) 


sp 


sin 


2N 


sp 


The  reduction-factor  for  the  mth  harmonic  is  then 


f^rm   — 


sin 

sin 

cin 

;r 

kdm 

2  Nsp 

kdi 

oitn 

t: 

tnn 

(8) 


/>' 


2  iV 


5p 


The  first  factor  of  the  expression  for  krm  is  independent  of  the 
nimiber  of  slots,  and  its  numerical  value  for  various  phases  and 
harmonics  is  shown  in  Table  I. 


Table  I  giving  values  of  sin 


TABLE  I. 


Sin 


P' 


m  — 

3 

5 

7 

9 

11 

13 

15 

17 

19 

P'^2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

/>'-3 

0 

1 

1 

0 

1 

1       1 

0 

1 

1 

p'-4 

1 

1 

1 

1 

1 

1 

1 

1 

1 

P'-6 

2 

1 

I 

2 

1 

1 

2 

I 

1 

The  second  factor  of  the  formula  for  kf^n  is  independent  of 
p\  and  its  numerical  values  for  various  values  of  N sp  and  ih, 
are  shown  in  Table  II. 


Table  II  giving  values  of  sin  ^ 


2  Nsp 

TABLE  II. 


-:-  Sin 


m  7t 


2iV 


sp 


Nsp^^      8 

10 

12 

14 

16 

18 

20 

22 

24 

26 

30 

m  -    310.351 

0.344 

0.340 

0.338 

0.3368 

0.3362 

0.3358 

0.3355 

0.3353 

0.3351 

\ 

m"    5  0.235 

0.222 

0.214 

0.2101 

0.2081 

0.2062 

0.2051 

0.2042 

0.2034 

0.2029 

I 

m"    7  0.199 

0.1755  0.1646'o.  158 

0.154 

0.152    0.150 

0.149 

0.1477 

0.1467 

+ 

m-     9'0.198 

0.158 

0.141   10.132 

0.126 

0.123    0.1208 

0.119 

0.1177 

0.1166 

i 

m  «  11 

0.2345 

0.1583 

0.13160.1185,0.11110.106    0.103 

0.1009 

0.0992 

0.0979 

tV 

m  =-  13 

0.351 

0.1755 

0.1317!o.H24!o.l02    0.961    0.0920 

0.08916 

0.08702 

0.08533 

tS 

m-  15 

0.995 

0.2214 

0.1413^0. 1126 

0 .098610 .09030 .08492  0 .0813 

0.07865 

0.07665 

tV 

m  -  17 

1.000 

0.3444 

0.1644 

0.1185 

0.0985  0.0875 

0.0807 

0.0761 

0.0729 

0.0706 

tV 

fti  -  19 

0.351 

1.000 

0.214 

0.182 

0.100    0.0875 

0.0788  10.073 

0.069 

0.0662 

is 
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Except  for  the  3  and  6  phase,  third,  ninth  and  fifteenth  har- 
monics, the  values  in  Table  II  are  those  of  kmn  the  reduction- 
factor,  or  the  ratio  of  the  per  cent,  harmonic  in  the  tap  electro- 
motive force  to  the  per  cent,  harmonic  in  the  flux  distribution 
curve. 

An  inspection  of  Tables  I  and  II  shows  that  for  the  single- 
phase  or  diametral  connection  and  for  a  very  large  number  of 
slots  per  pole,  the  reduction- factor  is  one-third  for  the  third 
harmonic,  one-fifth  for  the  fifth  harmonic,  one-seventh  for  the 
seventh  harmonic,  etc;  and  that  for  a  moderate  niunber  of  slots 
per  pole,  the  only  change  is  a  slight  increase  in  the  reduction- 
factor,  this  increase  being  greater  for  the  higher  harmonics. 

Table  I  shows  that  for  the  delta  or  120*^  connection  (/>'  =  3), 
the  third,  ninth  and  all  other  harmonics  which  are  multiples  of 
three,  drop  out.  This  may  be  explained  in  several  ways:  first, 
a  third  or  ninth  harmonic  would  mean  a  circulating  electro- 
motive force  aroimd  the  closed-coil  winding,  which  is  impossible 
if  the  north  and  south  pole  fluxes  are  similarly  distributed, 
since  under  this  last  assumption  the  electromotive  forces  of  the 
two  halves  of  the  winding  must  be  equal  and  opposite  at  each 
instant;  secondly,  the  differential-factor  of  the  third,  ninth  or 
fifteenth  harmonic  is  zero  for  the  120®  connection,  since  its  phase 
rotation  which  is  3,  9  or  15  times  that  of  the  ftmdamental  (120®), 
is  a  multiple  of  360°.  In  other  respects  than  in  the  disappearance 
of  these  harmonics  the  reduction  factor  is  the  same  for  the  120® 
as  for  the  180®  connection. 

For  the  quarter  phase,  or  90®  connection,  the  reduction-factor 
is  exactly  the  same  as  for  the  180®  connection;  and  for  the  60® 
connection  the  only  difference  is  that  the  third,  ninth  and 
fifteenth  harmonic  reduction-factors  are  doubled  instead  of 
being  eliminated  as  in  the  120®  connection;  that  is,  the  reduction- 
factor  for  the  third  harmonic  is  two-thirds  for  the  60®  connection, 
in  place  of  one-third  for  the  180®  connection  and  zero  for  the  120® 
coimection.  The  explanation  of  this  is,  that  with  a  fundamental 
phase  rotation  of  60®,  the  third  harmonic  phase  rotation  is  180®, 
giving  a  diameter  as  resultant,  which  is  relatively  twice  as  great 
as  the  60®  chord  of  the  fundamental  resultant.  The  ninth, 
fifteenth,  etc.,  harmonics  would  add  multiples  of  360®  to  the 
phase  rotation,  leaving  the  resultant  a  diameter  as  in  the  case 
of  the  third  harmonic. 

Fractional-pitch  or  short-chord  windings.  Thus  far  the  electro- 
motive force  of  only  a  single  belt  has  been  considered.     If  the 
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winding  h4s  the  full  pitch  of  180^,  the  electromotive  forces  of 
the  two  belts  of  any  pair  will  be  in  exa,ct  phase,  and  their  re- 
sultant will  have  the  same  shape  as  the  electromotive  force  of  a 
single  belt.  But  if  a  fractional-pitch  or  short-chord  winding  be 
employed,  the  two  belt-electromotive  forces  will  differ  in  phase 
by  an  amotmt  depending  upon  the  pitch  deficiency,  and  their 
resultant  may  not  have  the  same  shape ;  in  general  it  will  not, 
unless  the  two  component  belt  electromotive  forces  are  sinusoidal. 
Let  ic  designate  the  coil  pitch  in  terms  of  full  pitch.  Then 
1—Xc  is  the  pitch  deficiency,  and  (l—ic)^  is  the  phase  difference 
between  the  fundamental  electromotive  forces  of  the  two  belts; 
see  Fig.  3,  where  0  A  and  A  B  are  the  two  equal  fundamental 
electromotive  forces  and  OB  their  resultant.  The  differential 
or  pitch  reduction-factor  for  the  fundamental  electromotive  force 
is 


{OA-\-AB) 


Fig.  3 

and  that  for  the  mth  harmonic  is  sin  -^—  ^.     The  ratio  of  the 

latter  to  the  former  will  be  designated  the  wth  harmonic  pitch 
factor,  it  is 

2  ^     per  cent,  of  wth  harmonic  in  fractional  pitch  winding 


sin  w  —  Xc 


^^  n  per  cent,  of  mth  harmonic  in  full  pitch  winding 

sin^-^c  (9) 

This  is  plotted  in  Fig.  4  for  the  odd  harmonics  up  to  the 
nineteenth  and  for  values  of  the  coil  pitch  from  0.8  to  1.0.  From 
the  curves  of  Fig.  4,  it  appears  that  it  would  be  possible  to  practi- 
cally wipe  out  any  one  of  the  higher  harmonics  by  a  proper 
choice  of  pitch,  although  the  reduction  necessary  to  eliminate, 
say  the  fifth  harmonic,  would  probably  cause  serious  commu- 
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tation  difficulties.  It  is  interesting  to  note  in  this  connection 
that  a  pitch  of  0.833  (10  slots  in  12,  15  in  18,  20  in  24) 
would  reduce  the  fifth,  seventh,  seventeenth  and  nineteenth 
harmonics  to  about  one-quarter  of  their  full  pitch  values.  This 
would  leave  for  the  delta  or  double  delta  connections  only  the 
eleventh  and  thirteenth  harmonics,  since  the  third,  ninth, 
fifteenth,  and  twenty-first  harmonics  are  entirely  absent  in  this 
case. 

Fractional  slot  connection.  Thus  far  it  has  been  assumed 
that  each  phase  belt  comprised  a  whole  number  of  slots ;  but  it 
is  obvious  that  this  is  not  at  all  necessary,  for  even  when  the 
niunber  of  slots  per  pair  of  poles  is  a  multiple  of  the  number  of 
phases,  the  taps  may  be  taken  off  at  junctions  in  the  centers  of 
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slots.  In  this  case  there  would  be  two  half-slot  electromotive 
force  vectors  at  the  ends  of  the  whole  slot  vectors.  This  is  shown 
in  Fig.  2  where  o'  d^\  drawn  from  the  middle  of  slot  electro- 
motive force  number  one  to  the  middle  of  slot  electromotive 
force  number  thirteen,  is  the  ISO**  fimdamental  resultant,  and 
in  Fig.  2a  where  ^'  d,'  is  in  the  same  way  the  180^  fifth  harmonic 
resultant.  Similarly  o'  d^'  and  o' dj  are  the  corresponding 
resultants  for  the  120®  and  90**  electromotive  forces. 
An  inspection  of  Fig.  2a  will  show  that  this  mid-slot  connec- 


tion has  reduced  the  resultant  harmonic  by  the  factor,  cos  7 


which  approaches  zero  as  m  and  N sp  approach  equality.     Thus 
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if  Nsp  is  large,  some  of  the  higher  harmonics  are  practically 
wiped  out  by  this  mid-slot  connection,  and  if  Nsp  is  small  all 
of  the  lower  harmonics  are  reduced  and  some  intermediate  ones 
almost  eliminated. 

For  other  fractional  slot  connections  the  reduction  is  less. 
Designate  the  fractional  slot  reduction-factor  by  ksm  £tnd  it  is: 


cos  TTTT—  (for  half-slot  connection). 

2Nsp  ^ 


^^^  olvT — ^  ^^^  a  \7      (^^^  ^  one-third  or  a  two- 
JiV,p  biV,p         thirds  slot  connection 


(10) 


^^^"9A7 — s-cos    ^    (for  a  one-fourth  or  a  three- 
aNsp  4iV,^       fourths  slot  connection. 

If  the  two  taps  which  terminate  a  given  pair  of  belts,  are 
taken,  one  from  a  mid-slot  point  and  one  from  an  interslot  point, 
the  slot  reduction  factor  would  lie  between  that  for  the  mid- 
slot  connection  and  unity. 

The  mid-slot  connection  is  practically  equivalent  to  a  frac- 
tional pitch  winding,  the  pitch  deficiency  of  which  is  larger  the 
smaller  the  number  of  slots  per  pole. 

Combining  equations  (8),  (9)  and  (10)  gives  as  the  final  ratio 
of  the  mth  harmonic  of  the  induced  electromotive  force,  to  that 
of  the  single  conductor  electromotive  force  or  flux  distribution 
curve, 

sm-^r—  Ac        sm— -7-      sm 


^m  ~  '^rmy^'^Pm^'^sm  ~    '  X    '         ~^  X  "         ~     '    X  f^sm 

^^^      "^^-p-r     ^^2Nr,    (11) 

Equation  (10)  includes  the  effects  of  all  the  thus-far-considered 
factors  upon  the  magnitudes  of  the  harmonics. 

Consider  now  the  phases  of  the  harmonics. 

Phases  of  harmonics.     Referring  to  Figs.  2  and  2a,  the  total 

2  TT 

phase  rotation  of  the  fundamental  is  ■ — j-.    Thus  the  phase  of  the 

fundamental  of  the  resultant  or  belt  electromotive  force  with 
respect  to  the  fundamental  of  the  electromotive  force  of  slot 
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No.  1  is,  in  fundamental  radians 


(/>'"2ivJ 


P'     2Nsp 

2mn 


p' 


IS 


The  total  phase  rotation  of  the  mth  harmonic  is 

Let    w  =  nearest  whole  number  less  than  —7  and 

P 

u  u  u  u  u  ^^ 

2N7, 
Then  the  equivalent  phase  rotation  of  the  mth  harmonic 

2 7z  ( -7  —  w\  and  the  phase  of  the  mth  harmonic  of  the  re- 
sultant or  belt  electromotive  force  with  respect  to  the  mth 
liarmonic  of  the  electromotive  force  of  slot  No.  1  is,  in  mth 
harmonic  radians 

or  in  fundamental  radians 

««'  =  '^[(p-2W7j-(^^)] 

Thus  in  passing  from  the  slot  electromotive  force  to  the  re- 
sultant or  belt  electromotive  force,  the  relative  phase  of  the  mth 
harmonic  with  respect  to  the  ftmdamental  is  changed  by  an 
amount  which  is,  in  fundamental  radians 

^m^=   am'-  a,  =  -^  (w-Ws)  (12) 

or,  in  mth  harmonic  radians, 

fim  '^  fn  (am'-a^)  ^  -t:  (w-w,)  (13) 
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But  w  and  Ws  are  whole  numbers  and  /?m  is  therefore  always 
a  multiple  of  n.  Moreover  Wg  is  practically  always  zero,  since 
when 

m  =  2  Nsp 

the  harmonic  is  so  small  as  to  be  wholly  negligible.  With  this 
assumption,  fim  is  zero  when  w  is  even,  and  ;r  when  w  is  odd. 
That  is,  when  w  is  odd  the  mth  harmonic  of  the  belt  electromotive 
force  is  reversed  in  phase  as  compared  with  the  same  harmonic 
in  the  slot  electromotive  force. 

For  example,  consider  a  slot  electromotive  force  which  con- 


f  -  Bd)  Spon  in  O^^rew 


sists  of  a  fundamental  and  a  prominent  third  harmonic;  follow 
this  harmonic  into  the  various  belt  electromotive  forces. 

For  the  single  phase  or  diametral  connection, /?'  =  2andt«;  =1. 
Thus  the  third  harmonic  is  inverted  as  well  as  being  reduced  to 
one-third  of  the  percentage  value  which  it  had  in  the  slot  electro- 
motive force.  That  is,  if  the  slot  electromotive  force  be  flat 
topped,  the  180**  electromotive  force  will  be  peaked  and  vice 
versa,  but  less  so  than  the  slot  electromotive  force. 

For  the  three-phase  or  delta  connection,  p'  =  S  and  it;  =  1; 
but  the  amplitude  of  the  third  harmonic  in  the  120**  electromo- 
tive force  is  zero. 
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For  the  quarter-phase  or  90°  connection,  /?'  =  4  and  w  =  0; 
therefore  the  third  harmonic  is  not  reversed,  but  is  merely  re- 
duced to  one-third  of  its  slot  percentage.  That  is,  if  the  slot 
electromotive  force  be  peaked,  the  90°  electromotive  force  will 
be  peaked  but  less  so ;  and  if  the  slot  electromotive  force  be  flat 
topped,  the  90°  electromotive  force  will  be  flat  topped  but  less  so. 

For  the  six-phase  connection,  /?'  =  6  and  w  =  0.  The  third 
harmonic  is  not  reversed  and  is  reduced  to  two-thirds  of  its  slot 
percentage. 

Follow  this  third  harmonic  from  the  six-phase  back  through 
the  four,  three,  and  two  (single)  phase.  It  is  relatively  large 
(two- thirds)  and  positive  in  the  six-phase,  reduced  to  one-third 
in  the  quarter-phase,  vanishes  in  the  three-phase,  and  reappears 
inverted  in  the  single-phase  with  a  relative  value  of  one-third. 

Follow  the  fifth  harmonic  in  the  same  way.  In  the  G0°  belt 
it  is  positive  and  of  one-fifth  magnitude;  in  the  72°  belt  zero; 
in  the  90°  belt  inverted  and  of  one- fifth  magnitude ;  the  same  in 
the  120°  belt,  having  passed  through  a  maximum  between 
these  last  two  points;  and  one-fifth  positive  again  in  the  180° 
belt.  It  thus  appears  that  the  change  of  belt  span  alters  the 
magnitude  but  not  the  phases  of  the  harmonics.  This  is  just 
what  was  to  be  expected,  since  the  phase  of  any  given  harmonic 
with  respect  to  the  fundamental  is  the  same  in  each  of  the  ele- 
mentary e.m.fs.  of  which  the  tap  e.m.f.  is  composed,  and  must 
therefore  be  the  same  in  the  resultant  or  tap  e.m.f. 

In  order  to  see  this  relation  more  clearly,  start  with  the  flux 
distribution  curve  or  the  single-conductor  electromotive  force, 
assume  an  infinite  number  of  slots  and  imagine  the  belt  span 
to.  be  increased  gradually.  The  per  cent,  magnitude  of  any 
harmonic  will  gradually  decrease  through  zero  to  a  negative 
maximum,  then  back  again  to  a  positive  maximum,  etc.,  without 
any  change  of  phase  other  than  that  involved  in  reversal.  If 
the  angle  of  belt  span  be  designated  by  <f>,  the  reduction  factor 
for  this  case  of  an  infinite  number  of  slots  will  be 

krm  00  =  —  sm  --^^  -^sm  —  (14) 

Values  of  krm  00  for  several  harmonics  and  for  all  values  of  belt 
span  up  to  180°  are  shown  plotted  in  Fig.  5.  These  curves  are 
instructive  as  showing  clearly  the  general  relation  between  belt 
span  and  the  relative  magnitudes  of  the  several  harmonics,  al- 
though they  dp  not  take  account  of  the  number  of  slots  per  pole. 
Negative  values  of  krm  ^  indicate  that  the  harmonic  is  inverted. 
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Tap  Voltage. 
Adopting  the  notation  of  equation  (5)  the  mth   harmonic  of 
any    tap  electromotive    force    may  be    completely    expressed 
thus: 

kn^qn,  sin  (fnwt-^dnt+ftw), 

where  w  is  as  already  defined,  and  i^  is  given  by  equation  (11). 
The  amplitude  of  the  fundamental  of  the  tap  voltage  is 


.      2N 

2  H 
where  A^  is  the  number  of  conductors  in  series  between  brushes,  — -r 

the  number  of  conductors  in  series  between  taps,  q^  a^  the  ampli- 
tude of  the  fimdamental  of  the  single  conductor  electromotive 
force  and  fe^,  the  ftmdamental  differential-factor,  which,  for  all 

practical  purposes,  may  be  taken  as  equal  to  —  X  sin  —7,  the 

^  P 

limiting  value  of  equation  (7)  as  U sp  approaches  infinity.  The 
amplitude  of  the  tap  voltage  fundamental  is  then 


2  w  ^ 

aii  =  —  A^a,  ^,  sin  ^  =  q^  E,  sin  -7  (15) 


and  the  complete  tap  voltage  is 


et  =9,  -Ej  sin  —,  [sin  (o  /  +  i,  q^  sin  (3  o)  t-\-0^-\-n  w) 

•ffes^gSin  (5(tf/  +  55+;r«;)+etc.]  (16) 

A  consideration  of  the  value  of  w  or  of  the  ctuves  of  Fig.  5 
will  show  that  in  the  180^  electromotive  force  the  third,  seventh, 
eleventh,  etc.,  harmonics  are  reversed;  that  in  the  120®  electro- 
motive force,  the  third,  ninth,  fifteenth,  etc.,  harmonics  vanish 
and  the  fifth,  eleventh,  seventeenth,  etc.,  harmonics  are  re- 
versed; and  that  in  the  60®  electromotive  force  the  seventh, 
ninth  and  eleventh,  the  nineteenth,  twenty-first  and  twenty- 
third,  etc.,  harmonics  are  reversed. 
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To  reduce  these  to  a  more  specific  basis  assume  the  case  of  a 
60-cycle  converter  with  twelve  slots  per  pole.     Then 

*^i3o  =  ^i  ^i  [sin  a;  ^  -  0.34  q^  sin  (3  w  ^  +  ^,)  +0.214  q^  sin  {bait 
+^5)  -  0.165  q^  sin  (7  o)  i^  9^)   +0.141  q^  sin  (9  to  t  +».) 

-  0.1316  g„  sin  (11  0)  t  +  OJ  4-0.1317  q,^  sin  (13  w  <  +  »„) 

-  0.1413  ^,5  sin  (15  w  Z  +  ^J   +0.164  q,j  sin  (17  to  t+d^^) 

-  0.214  ^j,  sin  (19  «;<  +  ^,j)    .    .    .    +  etc.]  (17) 

^<-i20  =  0.866 ^t  EJsinoi/- 0.214^5  sin  (5 a>/+55)  +0.165g7sin 
(7  (o  t^Oj)  -  0.1316  9„  sin  (11  a>  ^  +  5„) +0.1317  9,,  sin 
(13  0)  t  +  dj  -  0.164  q,j  sin  (17  a>  ^  +  ^17)  +0.214  q,^  sin 
(lOcul  +  ^j,)    .    .    .    +  etc.]  (18) 

et-w  =  0.5  q,  E,  [sin  w  ^  +  0.68  ^,  sin  (3  (u  /+^,)  +0.214  q^  sin 
(5  0;  Z  +  fls)  -  0.165  q^  sin  (7  w  ^  +  ^7)  -  0.282  q^  sin  (9  a>  /  +  ».) 

-  0.1316  q,,  sin  (11  o)  t  +  OJ  +0.1317  q,^  sin  (13  to  t  +  OJ 
+  0.283  g,5  sin  (15  to  <  +  ffJ  +  0.164  9^7  sin  (17  cj  O-O,,) 
-0.214g,,sin(19(w/  +  ^,,)  +etc..    .]  (19) 

With  a  larger  number  of  slots  per  pole  such  as  would  be  em- 
ployed for  a  25-cycle  converter,  the  harmonic  coefficients 
would  be  reduced,  especially  for  the.  higher  harmonics,  see  Table 
II.  It  is  interesting  to  note  that  with  as  small  a  num- 
ber of  slots  per  pole  as  here  assumed,  12,  the  reduction  factor 
does  not  continue  to  decrease  indefinitely  as  m  increases  but 
actually  begins  to  increase  from  the  thirteenth  harmonic  up. 
Also  its  value  for  the  nineteenth  harmonic  is  more  than  one- 
fifth,  or  three  times  its  value  when  Nsp=  24. 

It  is  thus  possible  to  determine  easily  and  accurately  any  tap 
voltage,  from  the  harmonic  analysis  of  the  flux  distribution 
curve.  It  is  obviously  much  easier  to  determine  the  harmonics 
of  the  flux  distribution  curve  with  a  given  degree  of  accuracy, 
than  it  is  to  determine  those  of  the  resultant  electromotive 
force  wave,  since  the  former  are  several  times  larger  than  the 
latter. 

Root  mean  square  tap  voltage.     This  is  obviously, 

^t  =  ^^  si^  J7  ^^1  +  *•'  q^'  +  V  ^5'  +  k,'  qi'  +  etc.  (20) 

or,  for  the  special  case  of  twelve  slots  per  pole 

-0.073^1,"  +  ^ 

(21) 


•r  the  special  case  of  twelve  slots  per  pole 

=  0.707  g^  £,  V 1  +  0. 1 16  g,^  +  0.0458  q^^  +  0.027  q,''  +  0.0199g% 
73  ^u'  +  0.0173  q,^'  +  0.02  q,^'  +  0.027  q,,'  +  0.0458  g,/ +Ttc. 
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^120  =  0.613    q,   £^  Vl  + 0.0458    ^5^  +  0.027    g,'  -f  0.0173   q,,' 
+  0.0173^„2  +  0.027^j7^4-0.0458^,,2-f-    .    .    .   etc.  (22) 

geo  ="  0»354g,£:,  Vi^ 0.462^3^4- 0.0458 g,'H- 0.027 ^^'-h 0.0795^, 
H-0.0173  g„2  4-0.0173^i,^  +  .08g,6' 4-0.027 ^,7^^0.0458  g^.'  +  etc. 

(23) 
Voltage  Ratio 
The  ratio  of  brush  voltage  to  tap  voltage  is  obtained  from  equa- 
tions (4a)  and  (20).     It  is 

ATb,  =-  -^  =      ^^^    ^(l-f^<ya3-4-Ka5  4-^(7a,4-etc.    .    .)     ^^4) 
^*         ^,sin^   VH-Ar,^g,^  +  V9/  +  V9/  +  etc 

\/2" 
or  Ki,,  = ^^  K,  (25) 

Qx  sin  y, 

where        K,^       (l  +  ^as-f  ig.,-f  K,  +  etc.) 

v^TT*7^7TV?5'  +  ^t'^t'  +  etc. 

Three-Part  Pole. 

With  a  normal  flux  distribution  curve,  or  with  a  three-part 
pole  and  symmetrical  distortion,  the  q^s  are  zero,  ^i  =  1  and 
<7m  =  qam-  The  denominator  of  Kq  will  differ  little  from  unity, 
being  always  a  little  greater;  for  example,  with  a  30  per  cent, 
third  harmonic  the  denominator  is  1.005;  with  a  15  per  cent, 
third,  a  15  per  cent,  fifth  and  a  15  per  cent,  seventh  harmonic, 
the  denominator  is  about  1.002.  The  numerator,  on  the  other 
hand,  may  differ  considerably  from  unity  on  either  side  accord- 
ing as  the  qa's  are  positive  or  negative.  With  a  normal  un- 
distorted  flux  distribution  the  numerator  will  be  slightly  less 
than  unity,  and  Ktt  will  be  slightly  less  than  as  given  by  the 
usual  approximate  formula.  Any  variation  in  the  ^^'s,  due  to 
a  symmetrical  distortion,  causes  a  variation  in  the  voltage  ratio; 
but  it  will  also  produce  a  variation  in  the  harmonics  of  the 
tap  electromotive  forces.  The  relation  between  these  two  varia- 
tions in  the  case  of  symmetrical  distortion  will  next  be  con- 
sidered. 

Assume  that  the  flux  distribution  curve  is  completely  under 
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control;  start  with  a  sinusoidal  distribution  and  add  harmonics. 
First  add  a  third  harmonic  which  will  be  in  phase  with  or  in 
exact  opposition  to  the  fundamental,  since  for  a  symmetrical 
distortion  763  =  0;  that  is  g,  =  ^o,.  Also  assume  Ngp  =24,  and 
a  winding  of  full  pitch  with  interslot  connections.     Then 


V  1  +  0.112  gar 

and  the  corresponding  harmonic  in  the  tap  electromotive  forces 
is  fe,  ^a,  which  is  0.335  (/«,  for  the  180**  electromotive  force  and 
zero  for  the  120®  electromotive  force. 

In  curve  3  of  Fig.  6,  Kq^  is  shown  plotted  against  k^  g^,  for 
the  case  in  hand;  that  is,  the  curve  shows  the  per  cent,  change 
in  the  voltage  ratio  corresponding  to  various  per  cent,  magnitudes 
of  the  third  harmonic  in  the  180®  electromotive  force.  This 
harmonic  appears  with  the  same  per  cent,  magnitude  in  the  90® 
electromotive  force  and  with  double  this  magnitude  in  the  60® 
electromotive  force,  but  vanishes  in  the  120®  electromotive  force. 

The  per  cent,  magnitude  of  the  third  harmonic  in  the  flux 
distribution  curve  is  approximately  three  times  that  in  the  180® 
tap  voltage. 

Curves  7, 11  and  17,  of  Fig.  6,  show  for  the  seventh,  eleventh 
and  seventeenth  harmonics,  the  same  relation  as  is  shown  in 
curve  3,  for  the  third  harmonic. 

From  these  curves  it  is  evident  that  the  several  harmonics 
are  almost  equally  effective  in  changing  the  voltage  ratio;  that 
is,  for  a  given  change  in  voltage  ratio,  the  resulting  harmonic  in 
the  tap  voltage  is  of  practically  the  same  magnitude  whether  it 
be  third,  fifth,  seventh,  or  higher.  It  should  be  noted,  however, 
that  to  obtain  a  given  change  in  voltage  ratio  by  means  of  the 
higher  harmonics,  requires  a  much  greater  distortion  of  the  flux 
distribution  curve  than  by  means  of  the  lower  harmonics,  al- 
though the  resulting  electromotive  force  distortion  is  approxi- 
mately the  same  in  the  two  cases.  For  example,  referring  to 
Fig.  6,  to  change  Kq  from  1.0  to  0.9  by  the  third  harmonic, 
requires  a  10  per  cent,  third  harmonic  in  the  180®  electro- 
motive force,  which  means  a  30  per  cent,  third  harmonic 
in  the  flux  distribution  curve;  but  to  produce  the  same 
change  in  Kq  by  the  seventeenth  harmonic  requires  a  12 
per   cent,     seventeenth      harmonic      in      the      180®     electro- 

/ 12        \ 

motive  force,  and  i-r —  =  I  165  per  cent,  seventeenth  harmonic 
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in  the  flux  distribution  curve.  Such  a  distortion  is  out  of  the 
question,  in  fact  it  is  quite  obvious  that  the  higher  harmonics 
play  a  very  small  part  in  the  voltage  ratio  or  in  the  distortion 
of  the  tap  voltage. 

Consider  now  the  effect  of  a  combination  of  harmonics,  which 
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corresponds  more  nearly  to  the  actual  conditions.  The  ^«'s  must 
all  be  of  the  same  sign  in  order  to  produce  the  maximum  effect 
upon  Kq  for  a  given  electromotive  force  distortion,  and  in  that 
case  they  will  have  practically  the  same  effect  as  a  single  har- 
monic producing  the  same  electromotive  force*  distortion.  For 
example,  consider  the  following  combinations: 
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(a),  ?«,  -  0.60;  and  (b),  g„,  -  0.21.  9.6  -  0.35,  and  ?<,,  - 
0.396.    For  (a),  k,  q^,  =  0.201  and  K,  =  -i^  =  1.177;  for  (b), 

K  g«,  =  0.0704,  fej  ?„  =  .0711,  k,  qaj  -  0.0585,  S*»  ?««  = 

1    1Q7 
*.  9«.+*5  906  +  ^7  9a7  =  0.20  and  Kg  =  yj~  ^  1.188.     Thus 

for  the  same  total  per  cent.  (0.20)  of  harmonics,  the  per  cent, 
variation  of  voltage  ratio  is  about  the  same  in  the  two  cases. 

It  might  appear  that  in  the  case  of  several  harmonics  their 
maxima  would  not  coincide  at  any  point,  and  that  therefore  the 
"  sine  deviation  "  would  be  less  for  the  same  total  per  cent,  of 
harmonics  than  in  the  case  of  a  single  harmonic;  but  if  the  ^o's 
are  aU  of  the  same  sign,  the  harmonics  in  the  180®  electromotive 
force  will  be  alternately  inverted  and  the  central  maxima  will 
all  coincide,  giving  the  same  deviation  as  for  a  single  har- 
monic. 

If  the  QaS  are  not  all  of  the  same  sign,  the  variation  in  Kq 
will  be  appreciably  reduced  for  a  given  total  per  cent,  of  har- 
monics. 

Thus  with  symmetrical  distortion  of  the  flux  curve,  the  qaS, 
in  order  to  produce  the  largest  variation  in  Kq  for  a  given  electro- 
motive force  distortion,  must  all  be  of  the  same  sign;  but  it 
makes  little  difference  which  harmonics  are  used. 

Starting  with  a  sinusoidal  flux  curve,  the  per  cent,  change  in 
voltage  ratio  is  of  about  the  same  magnitude  as  the  total  per 
cent,  of  harmonics  in  the  180°  electromotive  force;  but  the 
normal  tmdistorted  flux  distribution  is  not  sinusoidal.  Its 
harmonics  are  not  large,  however,  the  largest  being  a  nega- 
tive fifth  harmonic  of  not  more  than  ten  or  fifteen  per 
cent.,  which  means  a  fifth  harmonic  of  not  more  than 
two  or  three  per  cent,  in  the  180®  electromotive  force.  This 
would  correspond  to  a  point  on  the  curves  of  Fig.  6,  slightly 
below  the  origin.  Starting  thus  with  negative  harmonics  in 
the  flux  distribution  curve,  the  addition  of  positive  harmonics 
would,  for  a  given  change  in  Kq,  give  a  more  nearly  sinusoidal 
180®  electromotive  force  than  would  the  addition  of  more  nega- 
tive harmonics;  that  is,  for  a  given  range  in  Kq,  the  least  electro- 
motive force  distortion  occurs  when  the  mean  value  of  Kq  is 
unity  or  slightly  less. 

For  example,  for  a  total  range  of  20  per  cent,  variation  in 
Kq,  the  least  possible  harmonics  will  be  about  10  per  cent., 
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provided  a  full  pitch  winding  and  interslot  connections  be  em- 
ployed. With  a  fractional  pitch  winding,  mid-slot  connections, 
or  both,  this  may  be  reduced  according  to  the  winding  pitch  and 
the  harmonics  employed,  see  Fig.  4.  If  it  were  possible  to  em- 
ploy only  fifth  and  seventh  harmonics,  and  if  commutation  re- 
quirements did  not  prevent  the  use  of  a  coil  pitch  as  low  as  0.83, 
the  two  harmonics  in  question  would  be  reduced  to  about  one- 
fourth  of  their  full  pitch  values  or  to  about  2.5  per  cent,  of  the 
fundamental  in  the  180°  electromotive  force.  As  a  matter  of 
fact  the  fifth  harmonic  is  naturally  the  most  prominent  one  in  a 
three-part  pole  symmetrical  distortion,  and  it  is  not  difficult 
to  avoid  a  large  third  harmonic,  but  the  use  of  the  fifth  har- 
monic involves  much  more  flux  distortion  for  the  same  change 
in  voltage  ratio,  as  has  already  been  pointed  out. 

With  the  120**  connection  the  third  harmonic  disappears,  but 
the  fifth  harmonic  has  the  same  value  as  in  the  180*^  electro- 
motive force.  It  is  thus  less  advantageous  to  use  the  120° 
connection  with  a  three-part  pole  than  with  a  type  of  distortion 
in  which  the  third  harmonic  predominates. 

It  is  possible  to  make  the  third  harmonic  the  most  prominent 
by  shortening  up  the  interpolar  arc,  and  thus  to  take  advantage 
of  the  fact  that  the  third  harmonic  disappears  in  the  120°  connec- 
tion; but  this  makes  the  commutating  field  very  steep  and  the 
commutation  sensitive. 

Two-Part  Pole. 

In  this  case  the  distortion  results  in  a  lateral  shifting  of  the 
center  of  gravity  of  the  flux  wave  and  an  introduction  of  cosine 
terms  into  the  equation  for  the  single  conductor  electromotive 
force  (equation  3);  that  is,  the  qbS  are  no  longer  zero  and  at 
least  some  cf  the  q's  are  larger  than  the  corresponding  ^^'s. 
Unless  the  ^6's  are  very  large,  they  will  not  affect  the  denom- 
inator of  Kq  (equation  26)  appreciably,  and  Kq  will  be  only  a 
very  little  smaller  than  when  the  q^s  are  zero,  the  same  ^^'s 
assumed.  But  the  increase  in  the  q*s  will  increase  the  per  cent, 
harmonics  in  the  tap  voltage,  corresponding  to  a  given  Kq. 

A  little  consideration  will  show  that  one  of  the  principal  cosine 
terms  introduced  by  the  lateral  distortion  here  considered  is 
that  of  the  fundamental,  and  that,  therefore,  q^  (=  vTT^^  ^^ 
no  longer  unity  and  constant,  but  increases  with  the  distortion. 
Thus  the  first  factor  in  the  expression  for  the  voltage  ratio,  K^t 
(equation  24),  decreases  with  increasing  distortion  owing  to 
the  increase  of  q^.     If  at  the  same  time  the  ^a's  have  been  in- 
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creasing  positively,  the  two  effects  will  tend  to  neutralize,  but 
if  the  go's  are  decreasing,  the  two  effects  are  in  the  same  direction 
and  it  is  obviously  possible  to  obtain  a  greater  change  in  voltage 
ratio  for  a  given  total  per  cent,  of  harmonics  in  the  180*^  tap 
electromotive  force  than  with  the  symmetrical  distortion.  More- 
over, it  will  be  remembered  that  g^  is  the  amplitude  of  the  wth 
harmonic  of  the  flux  distribution  curve  in  terms  of  a^,  the  am- 
plitude of  the  fundamental  sine  term;  but  the  real  measure  of 
distortion  is  the  amplitude  of  the  harmonic  in  terms  of  the  whole 
fundamental;  it  is,  therefore, 


k    q 
which  may  be  considerably  smaller  than  g„i,  and    '"-^  the  real 

per  cent,  harmonic  may  be  considerably  smaller  than  k^  q^n-  For 
example  it  is  quite  possible  to  shift  the  center  of  gravity  of  the 
flux  distribution  curve  by  40°,  which  means  that  ^j  is  about  1.3 
and  that  the  mth  harmonic  in  the  180°  electromotive  force  is 
0.77  k^  qm- 

It  may  be  instructive  at  this  point  to  compare  the  two-part 
pole  lateral  distortion  with  a  shifting  of  the  brushes  and  a  fixed 
flux  distribution.  Assume  the  latter  to  be  sinusoidal,  imagine 
the  brushes  to  be  shifted  by  an  angle  /?  and  disregard  commuta- 
tion difficulties.  Imagine  the  flux  distribution  curve  to  be  sub- 
divided into  two  components,  one  iii  space  phase  with  the  new 
brush  position  and  in  magnitude  proportional  to  cos  /9,  and  the 
other  in  quadrature  with  the  brush  position  and  proportional 
to  sin  ^.  The  brush  voltage  and  therefore  the  voltage  ratio 
will  be  reduced  by  the  factor  cos  ^,  but  there  will  be  no  harmonics 
in  the  flux  distribution  curve  or  in  any  of  the  tap  voltage  waves. 
This  may  be  described  as  a  method  of  altering  the  differential 
factor  of  the  brush  voltage  without  changing  or  distorting  the 
tap  voltage. 

Were  it  not  for  commutation  difficulties,  this  would  be  an 
ideal  method  of  varying  the  voltage  ratio  of  converters.  The 
case  of  extreme  two-part  pole  distortion  such  as  shown  in  Fig.  7 
looks  very  much  like  a  shift  of  brushes  with  notches  cut  in  the 
flux  curves  for  commutation  purposes. 

It  is  thus  obvious  that  the  two-part  pole  distortion  affects  the 
voltage  ratio  in  quite  a  different  way  from  that  of  the  syin- 
metrical  distortion,  and  that  this  way  does  not  necessarily  in- 
volve such  serious  harmonics  in  the  resulting  electromotive  force 
wave.     This  difference  may  be  most  easily  specified  by  means  of 
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equation  25:  the  symmetrical  distortion  affects  the  voltage  ratio 
only  through  Kq,  and  there  is  a  fairly  definite  minimum  electro- 
motive force  distortion  involved  in  a  given  change  in  Kq;  but 
the  lateral  distortion  affects  the  voltage  ratio  mostly  through^,, 
and  were  it  not  for  the  necessity  of  the  brush  notch  in  the  flux 
curve,  Kq  might  be  kept  nearly  constant  and  the  harmonics 
largely  eliminated.  Unforttmately  the  necessity  for  the  notch 
or  weak  field  at  the  brush  position  does  introduce  some  harmonics 
but  the  worst  of  these  is  usually  the  third,  and  it  can  be  eliminated 
by  employing  the  double  delta  connection,  or  a  diametral  con- 
nection with  the  transformer  primaries  connected  in  star. 

There  appears  to  be  in  the  case  of  the  two-part  pple,  no  simple 
method  of  determining  the  minimum  electromotive  force  dis- 
tortion corresponding  to  a  given  change  in  voltage  ratio,  but 
it  is  evident  from  the  above  analysis  that  it  may  be  considerably 
less  than  with  the  symmetrical  distortion  of  a  three-part  pole. 

As  an  example  consider  Fig.  7,  which  shows  a  flux  distribution 
curve  for  extreme  distortion  calculated  from  the  dimensions  of 
an  actual  machine.  A  rough  harmonic  analysis  of  this  curve 
gives  the  following  constants. 

table  III. 


m  — 

1 

3 

5 

7                9        ,      U 

13 

15 

«om- 

1. 

-0.417 

+0.0438 

+0.0353 

—0.14461+0.01434 

+0.0522 

-0.026 

ffbm- 

+0.822 

-0.268 

—0.369 

+    .0093 

-0.0084—0.064 

+0.069 

—0.043 

-Zm- 

1.295 

0.495 

0.362 

0.0364 

0.145  1     0.0657 

0.0827 

0.0503 

ISO-km" 

1. 

0.3353 

0.2034 

0.1477 

0.1177 

0.0992 

0.087 

0.0786 

Qi 

1. 

0.128 

0.0668 

0.00415 

0.0132 

0.005 

0.0058 

0.00305 

1. 

0 

0.0668 

0.00415 

0 

0.005 

0.0068 

0 

km  is  taken  for  full  pitch  winding,  interslot  connections  24 
slots  per  pole,  and  180°  taps,  k^  qm-^^x  is  the  per  cent,  har- 
monic in  the  tap  electromotive  force. 

There  are  doubtless  higher  harmonics  of  appreciable  magni- 
tude, but  they  do  not  influence  the  quantities  with  which  we 
are  at  present  interested.  The  voltage  ratio  is  (from  equation  24) 

Edc      ^  VT  (l  +  i^a3  +  i<7a.  +  etc.) 

£«-,8o*'  ^i      VH-V93'  +  V76'+  etc. 

\/2~    0.862 


1.295     1.016 


=  V2X0.655 
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This  ratio  is  less  than  two-thirds  of  the  ratio  for  a  sinusoidal 
flux  distribution  central  between  brushes,  and  just  about  two- 
thirds  of  the  ratio  with  a  normal  undistorted  field.  Taking  this 
as  the  no-load  ratio,  the  increase  when  the  auxiliary  pole  is  fully 
excited  in  the  positive  direction,  will  be  50  per  cent,  or  the 
decrease  in  this  ratio  for  the  reverse  change  will  be  about  33 
per  cent. 

The  total  of  harmonics  in  the  180°  electromotive  force  is  21.6 
per  cent,  and  in  the  120®  electromotive  force  only  7.2  per  cent, 
both  of  which  are  considerably  less  than  is  possible  for  the  three- 
part  pole  and  an  equal  variation  in  voltage  ratio.  But  it  is 
quite  possible  that  a  more  careful  design  of  pole  faces  might 
result  in  a  yet  lower  per  cent,  of  harmonics.  For  example,  an 
increase  in  the  width  of  the  auxiliary  pole  would  decrease  the 
fifth  harmonic  and  thus  the  per  cent,  harmonics  in  the  120°  elec- 
tromotive force. 


The  above  figures  are  for  full  pitch  winding  and  interslot 
connection.  With  mid-slot  connections  and  a  coil  pitch  of 
twenty-three  slots  the  per  cents,  are  reduced  to  19  and  6  re- 
spectively, and  sufficient  reduction  of  pitch  would  practically 
wipe  out  all  the  harmonics  from  the  120°  electromotive  force  and 
all  those  of  the  180°  electromotive  force  except  the  third.  But 
the  conditions  cited  in  this  example  are  extreme  and  it  is  quite 
possible,  with  a  reasonable  range  of  voltage  ratio,  to  reduce  the 
harmonics  in  the  120°  electromotive  force  to  very  low  figures 
without  employing  a  coil  pitch  so  low  as  to  endanger  commuta- 
tion. Moreover,  these  harmonics  are  of  the  induced  electro- 
motive force  and  will  not  appear  in  full  magnitude  at  the  trans- 
former primaries  since  they  will  be  partly  consumed  by  the 
small  harmonic  currents,  flowing  through  the  reactance  of 
armature  and  transformers. 
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Damping.  Mf .  Lincoln  stated  in  his  discussion  at  the  February 
New  York  meeting  that  the  result  of  the  harmonics  in  the  in- 
duced electromotive  force  would  be  harmonic  currents  which 
would  react  upon  the  field  in  such  a  way  as  partly  to  prevent  the 
otherwise  flux  distortion,  and  thus  require  greater  unbalancing 
of  excitation.  This  is  true,  but  the  use  of  low  resistance  squirrel- 
cage  dampers  would  preserve  a  constant  flux  distribution  and 
would  relieve  the  circuit  of  any  considerable  damping  currents. 

Commutation.  It  might  seem  at  first  sight  that  commutation 
in  a  field  such  as  shown  at  the  brushes  in  Fig.  7,  would  not  be 
satisfactory,  but  if  the  direction  of  rotation  of  the  armature 
be  taken  away  from  the  auxiliary  poles  the  armature  magneto- 
motive force  will  at  least  partly  neutralize  the  field  magnetomotive 
force  in  the  commutation  zone,  and  the  commutation  may  be 
even  better  at  some  loads  than  under  ordinary  conditions.  It 
should  be  remembered,  however,  that  at  full  load  when  the 
armature  magnetomotive  force  is  the  greatest  the  polarity  of 
the  auxiliary  pole  is  normal  and  there  is  no  flux  to  neutralize, 
and  that  at  light  or  no  load  when  the  auxiliary  pole  is  reversed 
as  in  Fig.  7,  the  armature  current  is  very  small  and  the  flux  to 
be  reversed  is  a  maximum.  But  with  a  sufficiently  low  reactance 
voltage  a  little  flux  (more  or  less)  in  the  commutating  zone  is 
comparatively  harmless. 

In  this  connection  it  is  interesting  to  note  that  a  machine  with 
a  short  air-gap  and  a  weak  field  would  probably  have  better 
commutation  under  conditions  of  extreme  distortion,  since  the 
armature  magnetomotive  force  would  then  even  at  light  load 
be  able  to  materially  reduce  the  flux  in  the  commutation  zone. 
A  saturation  of  pole  tips  would  also  be  an  aid  to  this  end  as  well 
as  to  the  end  of  eliminating  some  of  the  higher  harmonics  from 
the  flux  distribution  curve. 

The  extent  to  which  the  winding  pitch  can  be  reduced  with- 
out endangering  commutation  depends  upon  many  details  of 
design  such  as  reactance  voltage,  width  of  brush,  length  of  air- 
gap,  etc.,  and  can  only  be  determined  satisfactorily  by  experi- 
ment; the  writer  therefore  hesitates  to  make  a  bold  guess,  al- 
though if  forced  he  would  place  the  lower  limit  at  90  per  cent, 
under  reasonably  favorable  conditions. 

Summary.  With  the  180°  connection  and  a  large  number  of 
slots,  an  mth  harmonic  in  the  flux  distribution  appears  in  the 
tap  electromotive  force,  but  reduced  to  about  1/mth  of  its  per 
cent,  value.     Thus  the  higher  harmonics  rarely  appear  in  the 
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tap  electromotive  force  unless  they  are  very  large  in  the  flux 
distribution  curve.  Moreover,  the  higher  harmonics  are  of 
little  value  in  changing  the  voltage  ratio,  (see  equation  24),  so 
that  they  need  have  little  consideration. 

With  the  120®  connection  the  third,  ninth,  fifteenth,  etc., 
harmonics  do  not  appear  in  the  tap  electromotive  force,  and 
there  will  be  no  corresponding  harmonic  currents  set  up.  This 
assumes  that  the  flux  distribution  curves  under  north  and  south 
poles  are  exactly  alike,  otherwise  there  may  be  a  third  harmonic 
even  in  the  120**  electromotive  force. 

With  the  diametral  connection  and  the  transformer  primaries 
star  connected,  these  harmonics  do  not  appear  in  the  Une  electro- 
motive force  nor  their  currents  in  the  line. 

With  three-part  poles  and  symmetrical  distortion,  there  is  a 
definite  minimvmi  per  cent,  of  electromotive  force  harmonics  for 
a  given  range  of  voltage  ratio  and  as  in  this  case  the  fifth  har- 
monic is  usually  prominent  (especially  with  equal  part  poles), 
less  advantage  can  be  taken  of  the  fact  that  the  third  har- 
monic vanishes  in  the  120°  electromotive  force. 

With  two-part  poles,  the  total  per  cent,  of  electromotive  force 
harmonics  for  a  given  range  of  voltage  ratio,  may  be  made  con- 
siderably less  than  for  the  symmetrical  distortion,  and  as  the 
third  harmonic  is  naturally  predominant  in  this  case,  the  em- 
ployment of  the  120**  connection,  or  of  the  ITO®  connection  with 
star-connected  transformer  primaries,  may  result  in  the  practical 
elimination  of  electromotive  force  or  current  harmonics. 

The  conditions  in  this  respect  may  be  still  further  improved 
by  the  use  of  mid-slot  connections  and  a  fractional  pitch  winding, 
as  far  as  the  latter  is  consistent  with  good  commutation. 

The  first  part  of  this  paper  applies  as  well  to  alternators  as  to 
synchronous  converters;  the  writer  expects  shortly  to  put  it  into 
such  shape  that  it  will  be  more  useful  in  the  study  of  alternator 
wave  shape  and  in  the  design  of  alternators. 
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APPLICATION  OP  STORAGE  BATTERIES  TO  REGULA- 
TION OP  ALTERNATING-CURRENT  SYSTEMS     ' 

BY  J.  L.  WOODBRIDGB 


The  general  function  of  a  storage  battery  in  connection  with 
an  alternating-current  system  is  the  same  as  in  a  direct-current 
system,  namely,  to  relieve  the  power  plant  and  in  some  cases 
the  transmission  lines  of  the  fluctuations  of  load,  permitting 
the  geneniting  machinery  and  conductors  to  be  utilized  to  the 
greatest  advantage  and  at  maximimi  economy  by  subjecting 
them  to  a  steady  load  equal  to  the  average,  instead  of  a  load 
whose  fluctuations  in  some  instances,  as  in  heavy  interurban 
railway  work  and  in  many  industrial  plants,  are  exceedingly 
rapid  and  severe.  In  many  cases  where  alternating  currents 
are  developed,  the  advantages  of  a  regulating  storage  battery 
are  even  more  pronounced  than  in  direct-current  service,  for 
the  following  reasons: 

1.  Alternating-current  generation  is  particularly  applicable 
to  long  distance  interurban  railway  work  where  steam  railroad 
conditions  prevail,  involving  heavy  tmits  operating  at  compara- 
tively infrequent  intervals,  producing  fluctuations  of  load  ab- 
normally high  as  compared  with  the  average.  These  condi- 
tions are  comparable,  except  on  a  largely  magnified  scale,  with 
those  obtaining  on  the  four  or  five  car  electric  roads  so  common 
in  the  early  history  of  electric  railways. 

2.  In  many  cases  alternating  current  is  developed  at  water- 
power  plants  and  transmitted  for  considerable  distances,  and 
it  is  well  known  that  a  storage  battery  affords  special  advan- 
tages in  connection  with  the  operation  of  a  water-power  supply 
to  which  are  added  the  advantages  of  a  practically  constant 
current  on  the  transmission  lines. 
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3.  In  many  such  cases  of  water-power  development  with 
alternating-current  transmission,  power  is  sold  on  the  maximum 
demand  basis,  and  the  saving  in  power  bills  effected  by  removing 
the  peaks  and  fluctuations  with  a  storage  battery  makes  the 
battery  installation  a  very  attractive  investment. 

4.  The  auxiliary  apparatus  required  in  connection  with  a 
storage  battery  adapted  for  regulating  an  alternating-current 
system  may  also  be  used  for  changing  the  frequency  or  control- 
ling the  power  factor. 

5.  The  increasing  use  of  gas  engines  in  steel  plants  for  utilizing 
the  furnace  gas  offers  a  large  field  for  the  application  of  storag- 
b&tteries,  and  in  most  of  these  plants  the  heavy  loads  and  the 
large  area  covered  call  for  alternating-current  generation  and 
distribution: 

The  conditions  to  be  met  in  the  various  alternating-current 
systems  include  a  number  of  different  combinations  which  may 
be  classified  broadly  as  follows: 

A.    Generation  Entirely  Alternating-Current 

I.  Load  wholly  direct-current.  Distribution  by  alter- 
nating-current transmission  lines  to  direct-current  sub-stations. 

II.  Load  wholly  alternating-current,  polyphase. 
in.     Load  wholly  alternating-current,  single-phase. 

B.  Generation  and  Load  Partly  Alternating-Current  and 
Partly  Direct-Current 

IV.     Direct-current  fluctuations  preponderating. 

7.       Alternating-current  fluctuations  preponderating. 

Below  is  given  an  outline  of  the  methods  which  have  been 
adopted  or  suggested  for  handling  each  of  these  cases.  In 
every  case  it  is  of  course  necessary  to  have  converting  apparatus 
for  interchangeably  transforming  alternating  and  direct  currents 
as  well  as  automatic  apparatus  for  controlling  the  transfer  of 
energy  between  the  alternating-  and  the  direct-current  circuits. 
Such  apparatus  is  taken  up  in  detail  in  the  latter  part  of  this 
paper. 

I.  Under  this  heading  are  included  systems  in  which  alter- 
nating current  is  generated  and  transmitted  to  direct-current 
sub-stations  for  supplying  a  direct-current  fluctuating  load  such 
as  that  of  the  ordinary  interurban  direct-current  trolley  system. 
The  early  appHcations  of  storage  batteries  to  systems  of  this 
kind  involved  the  installation  of  a  battery  at  each  of  the  sev- 
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eral  sub-stations  to  regulate  the  fluctuations  of  direct-current 
load  at  that  point.  This  required  nothing  more  than  the  or- 
dinary direct-current  controlling  apparatus.  In  some  recent 
installations,  however,  the  conditions  have  been  such  that  it 
has  been  found  advantageous  to  concentrate  the  battery  ca- 
pacity at  one  point,  a  single  battery  being  installed  arranged 
to  control  the  total  combined  fluctuations  of  load  on  the  entire 
system.  Such  an  arrangement  obviously  reduces  the  first  cost 
for  two  reasons.  First,  the  total  battery  capacity  required 
will  usually  be  considerably  smaller  where  the  battery  is  con- 
centrated in  this  way,  inasmuch  as  the  maximum  fluctuations 
of  the  combined  load  will  ordinarily  be  less  than  the  sum  of 
the  maximum  fluctuations  occurring  at  the  several  sub-stations, 
since  the  latter  do  not  occur  simultaneously.  Second,  the  cost 
per  unit  of  capacity  of  a  single  large  battery  will  obviously  be 
less  than  that  of  a  number  of  smaller  installations.  This  is 
particularly  true  of  the  auxiliary  apparatus. 

In  order  to  permit  of  this  concentration  of  the  battery  ca- 
pacity it  is  necessary  to  select  some  point  for  installing  the 
battery,  from  which  the  conductors  carrying  the  total  output 
of  the  generating  plant  are  readily  accessible.  In  many  cases 
a  converter  station  located  at  the  power  house  itself  affords 
the  most  suitable  location.  In  other  cases  where  the  trans- 
mission is  wholly  in  one  direction  from  the  power  house  the 
nearest  sub-station  may  be  selected.  In  such  cases  the  battery 
with  its  regulating  booster  is  connected  to  the  direct-current 
sub-station  bus-bars  in  the  usual  manner,  but  the  booster  is 
controlled  by  means  responsive  to  the  total  alternating-current 
output  of  the  generating  plant.  Its  control  is  accomplished  by 
means  of  current  transformers  located  in  the  main  alternating- 
current  bus-bars  or  transmission  lines,  between  the  converter 
station  and  the  generators,  whose  secondaries  will  furnish  alter- 
nating-current to  the  battery  controlling  apparatus  propor- 
tional to  the  total  output  of  the  power  station.  In  some  cases 
current  transformers  are  located  in  the  individual  generator 
circuits,  their  secondaries  being  connected  in  parallel  to  give 
a  combined  output  proportional  to  the  total  generator  load. 

By  this  arrangement  the  same  converters  which  are  required 
for  supplying  the  local  direct-current  load  on  the  sub-station 
are  also  used  for  transforming  the  battery  current,  and  in  many 
cases  no  greater  converter  capacity  is  called  for  on  accoimt  of 
this  latter  function.     For  example,  the  total  load  on  the  sys- 
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tem  may  vary  from  500  to  3000  kw.  with  an  average  of  1500  kw. 
The  direct-current  demand  on  the  sub-station  where  the  battery 
is  located  may  vary  from  zero  to  1500  kw.  Converting  appar- 
atus must  therefore  be  installed  at  this  sub-station  of  sufficient 
capacity  to  handle  a  momentary  load  of  1500  kw.  It  is  evident 
that  with  the  battery  regulating  on  the  total  load  this  converting 
apparatus  will  never  have  to  deliver  more  than  1500  kw.  to  the 
sub-station,  since  this  is  the  total  output  from  the  generators 
and  this  amount  of  energy  will  be  supplied  to  this  sub-station 
only  at  rare  intervals  when  the  total  load  on  the  rest  of  the 
system  is  zero.  Nor  will  this  converting  apparatus  be  called 
upon  to  transmit  energy  in  the  reverse  direction  to  a  greater 
amount  than  1500  kw.  since  the  total  maximum  load  on  the 
entire  system  is  3000  kw.  of  which  the  main  generator  is  always 
supplying  1500.     At  times  of  maximimi  total  load  there  will 
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usually  be  a  direct-current  load  of  considerable  magnitude  on 
the  regulating  sub-station  which  must  first  be  taken  up  by  the 
battery  before  the  latter  can  invert  the  converters  and  feed 
back  into  the  alternating-current  mains,  thus  reducing  to  that 
extent  the  amount  of  energy  inverted.  The  general  operation 
of  the  battery  in  this  scheme  is  to  relieve  the  sub-station  of 
more  or  less  of  its  direct-current  load  at  times  of  increased 
load  on  the  rest  of  the  system,  thus  preserving  a  constant  load 
on  the  generating  units.  It  being  necessary  on  account  of  the 
direct-current  load  to  maintain  constant  voltage  on  the  direct- 
current  bus-bars,  a  battery  booster  will  be  required  to  cause  the 
battery  to  charge  and  discharge,  this  booster  being  controlled 
from  the  alternating-current  circuit.  This  case  is  illustrated 
diagrammatically  in  Fig.  1. 

II.     In  this  case  the  current  is  generated  and  utilized  as 
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polyphase  alternating  current,  there  being  no  direct-current 
circuit.  Under  these  conditions  the  battery  would  be  located 
either  at  the  main  generating  station  or  in  some  cases  at  the 
center  of  load,  and  inasmuch  as  the  entire  output  of  the  battery 
must  be  converted  into  alternating  current,  converting  appar- 
atus, either  motor-generator  sets  or  synchronous  converters, 
must  be  provided  of  sufficient  capacity  to  handle  the  maximum 
battery  discharge.  If  a  motor-generator  set  is  used  for  control, 
the  charge  and  discharge  of  the  battery  may  be  accomplished 
by  varying  the  voltage  of  the  direct-current  machine  in  response 
to  fluctuations  of  the  alternating-current  load.  Synchronous 
converters  are  tmdoubtedly  preferable  for  this  purpose,  par- 
ticularly if  the  fluctuations  of  load  are  extremely  rapid.  If  a 
motor-generator  is  called  upon  to  transfer  energy  from  the 
battery  to  the  alternating-current  circuit  it  will  deUver  energy 
to  the  latter  circuit  only  after  its  armature  has  been  driven 
somewhat  ahead  of  its  normal  phase  position,  and  owing  to  the 
inertia  of  the  armature  some  appreciable  time  must  elapse 
after  the  battery  has  begim  to  discharge  into  the  direct-current 
machine  before  the  alternating-current  machine  is  delivering 
the  equivalent  energy  to  the  alternating-current  circuit  and  a 
time  lag  is  thus  introduced.  With  a  sjnichronous  converter 
this  effect  is  practically  eliminated. 

With  the  latter  type  of  machine,  however,  special  means  must 
be  provided  for  varying  the  direct-current  voltage  at  the  bat- 
tery terminals  to  compel  the  battery  to  charge  and  discharge. 
If  a  standard  converter  is  employed  a  battery  booster  will  be 
required  to  produce  this  voltage  variation.  This  booster  will 
be  provided  with  field  control  responsive  to  the  fluctuations  of 
alternating-current  load,  such  controlling  apparatus  being  de- 
scribed below. 

On  accotmt  of  the  absence  of  direct-current  load,  however, 
a  constant  direct-current  voltage  is  not  required,  and  in  order 
to  dispense  with  the  battery  booster  a  sjmchronous  converter 
providing  for  a  variable  ratio '  between  the  alternating-  and 
direct-current  voltages  has  been  developed.  This  machine  has 
been  designated  the  "  split-pole  *'  converter  owing  to  the  fact 
that  the  control  of  the  transformation  ratio  is  brought  about 
by  dividing  each  pole  into  two  or  more  sections  whose  excitations 
are  separately  controlled.  By  this  means  the  direct-current  volt- 
age of  the  converter  is  varied  to  cause  the  battery  to  charge 
and  discharge  while  the  alternating-current  voltage  is  maintained 
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practically  constant.  This  type  of  machine  offers  very  con- 
siderable advantages  in  the  way  of  simplification  and  increased 
efficiency  of  operation  over  apparatus  involving  boosters  or 
motor-generator  sets.  It  is  found  to  be  particularly  adapted 
for  handling  extremely  rapid  fluctuations  of  alternating-current 
load.  It  must  be  borne  in  mind  that  in  dispensing  with  the 
booster  the  means  for  maintaining  a  constant-potential  direct- 
current  bus-bar  is  eliminated  and  any  circuit  connected  di- 
rectly to  the  battery  terminals  will  be  subject  to  more  or  less 
variation  of  voltage  due  to  the  charge  and  discharge  of  the 
battery.     This  case  is  illustrated  in  Fig.  2. 

III.  In  this  case  power  is  generated  as  alternating  current 
and  is  supplied  to  a  single-phase  circuit.  One  of  the  most  noted 
examples  of  this  class  of  installation  is  found  at  the  frequency- 
changing  station  of  the  Spokane  &  Inland  Ry.  Co.  at  Spokane, 
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Fig.  2 


Washington.  The  equipment  of  this  station  includes  four 
frequency-  and  phase-changing  motor-generator  sets,  each  set 
consisting  of  three  direct  connected  machines,  viz.,  a  60-cycle, 
3-phase  induction  motor  of  1000  h.p.  capacity,  receiving  power 
from  the  incoming  transmission  line;  a  1000-kw.,  single-phase, 
25-cycle,  2200- volt  generator,  delivering  current  to  the  railroad ; 
and  a  750-h.p.,  500-volt,  direct-current  machine,  which  is  con- 
nected to  the  battery  and  acts  as  a  generator  or  a  motor  when 
the  battery  is  respectively  charging  or  discharging.  The 
battery  consists  of  275  cells  having  a  capacity  of  1920  amperes 
at  the  one-hour  rate,  and  is  provided  with  two  motor  driven 
boosters  which  may  be  operated  in  parallel.  The  boosters  are 
controlled  by  apparatus  which  responds  to  the  current  in  the 
incoming  60-cycle  transmission  line  in  such  a  way  that  small 
variations  of  this  current  vary  the  booster  voltage,  thus  causing 
the  battery  to  charge  from  or  discharge  into  the  direct-current 


Digitized  by  VjOOQIC 


1908] 


WOODBRIDGE:  STORAGE  BATTERIES 


993 


machine  to  absorb  the  fluctuations  of  load  on  the  single-phase 
circuit.  This  is  one  of  the  cases  in  which  the  financial  results 
from  a  battery  installation  may  be  very  clearly  demonstrated, 
inasmuch  as  the  power  for  the  operation  of  the  railway  system 
is  purchased  on  the  maximum  demand  basis,  and  it  is  estimated 
that  the  reduction  in  the  power  bills  effected  by  the  battery  in 
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Fig.  3 

relieving  the  transmission  Hne  of  load  fluctuations  will  be  suffi- 
cient to  repay  the  initial  investment  in  about  three  years. 
This  application  is  illustrated  in  Fig.  3. 

Instead  of  the  scheme  above  described  it  will  be  quite  prac- 
ticable to  utilize  the  split-pole  converter  operating  as  a  single- 
phase  machine  connected  to  the  single-phase  circuit  with  suit- 
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Fig.  4 


able  transformers.  The  output  of  the  battery  will  then  be  de- 
livered to  the  railway  circuit  without  the  intervention  of  me- 
chanical transmission,  and  the  efficiency  on  discharge  and 
therefore  the  net  alternating-current  output  for  a  given  battery 
discharge  will  be  greater.     This  is  illustrated  in  Fig.  4. 

TV.     This  and  the  following  case  include  systems  in  which 
lx)th  alternating- current  and  direct-current  generators  are  oper- 
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ated  to  supply  a  load  which  is  partly  alternating-  and  partly 
direct-current,  the  two  circuits  being  interconnected  by  suitable 
converting  apparatus.  In  case  IV,  the  fluctuations  of  the 
direct-current  load  preponderate,  and  inasmuch  as  the  direct- 
current  bus-bar  must  ordinarily  be  maintained  at  constant  volt- 
age a  battery  booster  is  required,  sufficient  at  least  for  the 
direct-current  fluctuations.  Since  these  latter  constitute  the 
greater  part  of  the  total  load  fluctuations,  the  booster  should 
be  made  of  sufficient  capacity  for  the  total  battery  output. 
The  booster  control  would  not  differ  in  any  way  from  the  stan- 
dard direct-current  controlling  apparatus.  In  order  to  transmit 
the  fluctuations  originating  on  the  alternating-current  circuit 
to  the  direct-current  bus-bar  special  automatic  control  of  the 
converting  apparatus  must  be  provided.  The  split-pole  con- 
verter would  undoubtedly  be  a  most  satisfactory  method  of 
providing  this  control,  and  inasmuch  as  the  direct-current  bus- 
bar voltage  is  practically  constant  only  a  very  small  change  in 
ratio  of  conversion  would  be  necessary,  just  sufficient  to  over- 
come the  internal  drop  in  the  converter  and  static  transformers. 

Another  method  of  providing  for  this  automatic  control  of 
the  converting  apparatus  consists  in  mounting  on  the  shaft 
of  the  converter  an  alternating-current  booster  whose  windings 
are  connected  in  series  between  the  alternating-current  ter- 
minals of  the  converter  armature  and  the  collector  rings.  The 
field  of  this  booster  is  controlled  automatically  in  response  to 
fluctuations  of  load  on  the  alternating-current  circuit,  thus 
adding  to  or  subtracting  from  the  alternating-current  voltage 
of  th3  converter  and  thereby  causing  it  to  transmit  energy  in 
either  direction  between  the  alternating-  and  direct-current 
circuits  as  may  be  required  to  maintain  constant  load  on  the 
alternating-current  generators.  This  latter  arrangement  is  il- 
lustrated in  Fig.  5. 

V.  The  conditions  included  in  this  case  are  the  same  as  in 
case  IV  except  that  the  alternating-current  load  fluctuations 
preponderate.  Inasmuch  as  the  direct-current  bus-bar  voltage 
must  be  maintained  constant  a  battery  booster  is  required  of 
sufficient  capacity  to  handle  the  fluctuations  of  direct-current 
load.  These  fluctuations  being  comparatively  small  this 
booster  capacity  may  be  reduced  to  a  minimum  provided  the 
fluctuations  of  alternating-current  load  are  transmitted  directly 
to  the  battery  terminals  instead  of  to  the  direct-current  bus-bars. 
This  latter  may  be  accomplished  by  means  of  the  split-pole 
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converter  which  in  this  case  is  connected  between  the  alter- 
nating-current circuit  and  the  battery  terminals,  and  is  so 
controlled  as  to  transmit  directly  to  the  battery  the  fluctuations 
of  load  originating  on  the  alternating-current  circuit.  This  is 
the  scheme  which  has  been  adopted  for  controlling  the  load 
fluctuations  at  the  electric  power  plant  of  the  Indiana  Steel 
Company,  at  Gary,  Indiana. 

For  this  plant  there  is  being  installed  a  battery  consisting  of 
two  series  of  cells  arranged  to  operate  in  parallel,  each  series 
consisting  of  125  cells  having  a  one-hour  capacity  of  4320  am- 
peres. Provision  has  been  made  for  the  future  extension  of 
this  plant  by  the  addition  of  two  more  series  of  cells  of  the 


Fig.  5 

same  capacity.  Two  direct-current  boosters  are  provided,  hav- 
ing sufficient  capacity  to  handle  the  fluctuations  of  direct-cur- 
rent load,  which  will  be  only  a  small  part  of  the  total  load 
fluctuations.  For  handling  the  fluctuations  of  alternating-cur- 
rent load  a  split-pole  converter  of  2000  kw.  capacity  is  being 
installed,  designed  to  provide  a  range  of  direct-current  voltage 
from  a  minimum  of  200  to  a  maximiun  of  300  volts  with  con- 
stant alternating-current  voltage.  The  regulating  field  of  this 
converter  will  be  controlled  by  a  special  altemating-direct-cur- 
rent  exciter,  designed  as  described  hereinbelow.  Provision  has 
been  made  for  a  second  converter  of  the  same  desijjn  and  ca- 
pacity. This  case  is  illustrated  in  Fig.  6. 
Auxiliary    apparatus.     Under    this    heading    are    described 
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three  pieces  of  auxiliary  apparatus  which  have  been  developed 
for  controlling  tbe  operation  of  a  battery  in  connection  with 
an  alternating-current  circuit. 

The  first  of  these  devices,  the  carbon  regulator,  calls  for  only 
passing  notice,  as  its  general  design  and  operation  are  well 
known  in  connection  with  direct-current  regulating  plants.  It 
is  shown  diagrammatically  in  Fig.  7,  in  which  x  and  y  are  tw^o 
piles  of  carbon  discs  subjected  to  variable  pressure  by  means 
of  the  lever,  L,  which  is  pivoted  between  the  two  piles  in  such 
a  way  that  any  motion  of  this  lever  will  increase  the  pressure 
on  one  pile  and  decrease  that  on  the  other.  At  one  end  of  the 
lever  is  an  adjustable  spring,  7,  while  from  the  other  end  is 
suspended  the  iron  core  of  a  solenoid,  S,  which  carries  the  current 
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Fig.  6 

to  be  regulated,  or  a  current  proportional  thereto.  The  two 
carbon  piles  are  electrically  connected  in  series  across  the 
battery,  B,  while  the  field  coil,  F,  which  is  to  be  controlled,  is 
connected  between  a  point  in  the  circuit  between  the  two  carbon 
piles  and  the  middle  point  of  the  battery.  The  variation  of 
resistance  in  the  two  piles  due  to  change  of  pressure  causes  a 
flow  of  current  in  one  direction  or  the  other  through  the  field 
coil,  F,  which  is  therefore  made  responsive  to  the  current  in 
the  solenoid,  S.  The  application  of  the  regulator  to  alter- 
nating-current control  involves  the  substitution  of  an  alternating- 
current  solenoid  for  the  usual  direct-current  coil.  In  those  in- 
stallations where  the  power  factor  is  normally  maintained  ap- 
proximately  at   unity,    such   as   the   usual   alternating-current 
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generating  plant  supplying  current  to  converter  sub-stations 
for  direct-current  railway  service,  a  single  coil  supplied  with 
alternating  current  proportional  to  the  current  output  of  the 
alternators  will  give  entirely  satisfactory  results,  this  current 
being  practically  proportional  to  the  true  watt  output  of  the 
machines.  If,  however,  the  power  factor  is  normally  consider- 
ably less  than  unity  or  if  it  is  subject  to  wide  variations,  it 
may  be  necessary  to  control  the  carbon  regulator  by  means  re- 
sponsive to  the  energy  component  of  the  current  and  two  coils 
may  be  used,  one  of  which  will  produce  a  constant  magnetic 
flux,  w^hile  the  other  carries  current  which  is  in  phase  with  the 
flux  at  unity  power-factor,  or  whose  energy  component  is  in  phase 
with  the  flux  at  power-factors  other  than  unity. 

The  second  piece  of  regulating  apparatus  which  has  been  de- 
veloped  for  this  class  of  service   is  the   split-pole   converter. 


m 


S 
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Fig.  7 


This  machine  has  already  been  mentioned  in  a  recent  paper 
before  this  Institute,  but  I  wish  to  take  up  somewhat  more  in 
detail  certain  points  in  reference  to  the  theory  of  its  operation 
and  the  detail  of  its  design. 

As  originally  suggested  this  type  of  machine  was  constructed 
with  each  pole  sub-divided  into  three  parallel  sections  with 
suitable  windings  for  varymg  the  relative  excitation  of  the  three 
sections,  the  object  being  to  secure  a  variation  of  direct-current 
voltage  while  maintaining  a  constant  alternating-current 
voltage.  The  theory  upon  which  this  design  wag  based  may  be 
illustrated  by  reference  to  Fig.  8,  in  which  is  shown  an  assumed 
distribution  of  field  flux  arotmd  the  periphery  of  the  armature. 
The  line,  A  B,  represents  the  developed  armature  periphery,  the 
direct  current  brushes  being  located  at  A  and  D.  The  lines 
a,  6,  and  c,  represent  the  field  strength  of  the  three  sections  of 
one  pole  and  the  lines  d,  ^,  and  /   that  of  the  other  pole  under 
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nonnal  conditions  of  excitation.  The  result  of  this  excitation 
will  be  a  certain  ratio  between  alternating-  and  direct-current 
voltage.  If,  now,  the  excitation  of  the  outer  pole  sections 
a,  c,  d,  and  /,  be  increased,  and  that  of  the  middle  sections  b, 
and  e,  be  decreased,  the  field  distribution  may  then  be  represented 
as  the  resultant  of  the  auxiliary  field  g,  A,  i,  ;,  fe,  and  /,  super- 
posed upon  the  normal  field.  If,  now,  we  consider  the  electro- 
motive force  developed  in  a  section  of  the  armature  between 
the  points  F,  and  Q,  which  may  be  taken  to  represent  two  of 
the  three  phase  taps  located  120®  apart,  it  will  be  seen  that  the 
auxiliary  field  will  have  absolutely  no  effect  on  the  voltage 
in  this  section  at  any  point  in  the  revolution;  for  the  sum  of 
the  shaded  areas  x,  and  z,  is  always  equal  and  opposite  to  the 
shaded  area  y.     The  auxiliary  field  therefore  interposes  into 


the  armature  section  between  the  points  P,  and  Q,  equal  and 
opposite  amounts  of  field  flux,  which  exactly  neutralize  each 
other  in  the  generation  of  electromotive  force  between  P,  and 
Q.  The  effect  however  of  the  auxiliary  field  on  the  direct- 
current  voltage  between  the  points  of  brush  contact  A,  and  D,  is 
to  produce  an  increase  in  that  voltage  for  the  reason  that  be- 
tween these  two  points  there  are  two  areas  of  positive  flux 
and  only  one  area  of  negative  flux  due  to  the  auxiliary  field. 
Theoretically,  therefore,  this  auxiliary  field  would  produce  an 
increase  or  decrease  in  the  direct-current  voltage  without  any 
effect  whatever  on  the  magnitude  or  wave  shape  of  the  alter- 
nating voltage,  between  the  points  P,  and  Q,  provided  these 
points  are  spaced  120°  apart. 

Practically,  however,  it  is  necessary  to  allow  a  neutral  area 
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3f  zero  field  strength  at  the  points  A,  and  D,  for  commutation. 
This  modification  produces  some  disturbance  of  the  wave  shape 
3f  the  alternating  counter  electromotive  force,  which,  however, 
IS  not  sufficient  to  interfere  with  the  practical  operation  of  the 
Tiachine.      In   Figs.   9  to   14  inclusive,  are  shown  oscillograph 


Fig.  9 

records  giving  the  distribution  of  field  flux  obtained  by  an  ex- 
ploring coil  and  the  corresponding  wave  shape  of  alternating 
electromotive  force  across  two  of  the  three  phase  collector  rings, 
taken  from  a  500  kw.  split-pole  converter  of  this  type.  Fig.  9 
shows  the  normal  field  distribution  with  all  three  sections  of 


Fig.  10 

the  pole  equally  excited  and  Fig.  10  is  the  corresponding  wave 
shape  of  electromotive  force ;  direct-current  voltage  250.  Fig.  1 1 
shows  the  field  distribution  with  the  outer  sections  increased 
and  the  middle  section  reduced  in  excitation,  while  Fig.  12 
shows  the  corresponding  wave  shape  of  electromotive  force; 
direct-current  voltage  280.     Fig.  13  shows  the  field  distribution 
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with  the  outer  sections  weakened  and  the  middle  section  strength- 
ened, and  Fig.  14  shows  the  corresponding  wave  shape  of  electro- 
motive force;  direct-current  voltage  232.  It  will  be  noted  that 
the  difference  in  the  wave  shapes  for  these  three  different  con- 
ditions of  field  excitation  is  scarcely  perceptible.  The  alter- 
nating electromotive  force  was  held  constant  throughout. 


Fig.  11 

In  a  later  development  of  the  split-pole  converter  suggested 
by  Mr.  J.  L.  Bumham,  only  two  pole  sections  are  employed.  One 
of  these  has  a  pole  arc  covering  a '  considerable  portion  of  the 
total  pole  pitch,  and  constitutes  the  principal  pole,  while  the 
other  covers  a  smaller  arc  and  is  used  as  an  auxiliary  or  regu- 
lating pole.     A  simple  explanation  of  the  theory  of  this  machine 


Fro.  12 

may  be  had  by  reference  to  Figs.  15  and  16.  In  Fig.  15  the 
line,  0  P,  represents  the  alternating  voltage  developed  by  the 
principal  pole  section.  The  line,  0  F,  may  be  taken  to  represent 
in  amount  and  phase  position  the  electromotive  force  developed 
by  the  auxiliary  pole,  these  two  electromotive  forces  being  dis- 
placed by  the  angle,  p,  which  represents  the  angle  between  the 
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axes  of  the  two  fields.  The  line,  O  R,  will  then  represent  the 
resultant  alternating  electromotive  force.  If  the  excitation  of 
the  auxiliary  field  is  zero,  the  Une,  O  P,  will  represent  the  alter- 
nating electromotive  force.  It  will  be  noted  that  the  Une,  O  R, 
is  but  very  little  longer  than  the  line  0  P.     The  direct-current 


Fig.  13 

electromotive  force  will  be  represented  by  the  algebraic  sum 
of  O  P.  and  0  F.  With  zero  excitation  of  the  auxiliary  pole 
this  direct-current  electromotive  force  will  be  represented  by 
0  P,  while  with  an  excitation  corresponding  with  the  line  O  F, 
the  direct-current  electromotive  force  will  be  represented  by 
OD.     If  the  main  field  excitation  is  reduced  to  OP',  when 


Fig.  H 

the  auxiliary  field  has  an  excitation  corresponding  with  OF, 
the  resultant  alternating  electromotive  force  will  be  represented 
by  0R\  equal  to  OP,  while  the  direct-current  electromotive 
force  will  be  represented  by  0  Z)'.  It  w^ill  thus  be  seen  that  the 
direct-current  electromotive  force  has  been  increased  from  0  P 
XoO  D'  without  any  change  in  the  magnitude  of  the  alternating- 
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current  electromotive  force.  If  the  auxiliary  pole  be  given  an 
initial  n  igative  excitation  corresponding  with  the  line  0  F^, 
such  that  the  resultant  O  R^  is  at  right  angles  to  O  F^,  then 
any  variation  of  excitation  of  the  auxiliary  pole  on  either  side 
of  this  point  ^ill  produce  a  minimum  change  in  the  alternating 
electromotive  torce,  provided  the  main  field  excitation  is  main- 
tained constant,  or  will  require  the  least  variation  in  the  ex- 
citation of  the  main  field  to  maintain  constant  alternating 
electromotive  force.  Thus  if  the  negative  excitation  of  the 
auxiliary  field  be  decreased  to  Fj,  the  resultant  alternating 
electromotive  force  will  be  represented  by  0/?,,  while  if  the 
negative  excitation  of  the  auxiliary  pole  be  increased  to  F^, 
the  alternating  electron? otive  force  will  be  represented  by  O  jR,. 
The  corresponding  direct-current  electromotive  forces  will  be 


Fig.  15 

represented  by  O  D^,  0  D^,  and  O  D,,  respectively.  For  hand 
control  it  is  of  course  permissible  to  vary  the  excitation  of  both 
the  main  and  auxiliary  fields,  in  order  to  vary  the  direct-current 
voltage  without  disturbing  the  power-factor.  With  automatic 
control  it  is,  however,  very  desirable  to  limit  the  control  to  a 
single  field  coil;  and  to  accomplish  this  with  minimum  disturb- 
ance to  the  power  factor,  it  is  necessary  to  work  on  either  side 
of  the  point  F©  which  represents  the  mean  excitation  of  the 
auxiliary  pole.  In  Fig.  16  are  illustrated  the  results  obtained  by. 
designing  the  machine  with  a  pitch  of  90°  between  the  main  and 
auxiliary  pole  sections.  In  this  case  the  mean  excitation  of 
the  auxiliary  pole  for  minimum  change  in  the  alternating-cur- 
rent electromotive  force  is  zero,  the  excitation  of  this  section 
being  varied  on  either  side  of  zero  to  produce  a  change  of  direct- 
current  electromotive  force  above  and  below  the  mean.     It  can 
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be  readily  shown  that  if  the  lines  0  F,,  and  0  F,.  are  each  equal 
to  20  per  cent,  of  the  line  O  P,  corresponding  with  a  variation  in 
direct-current  electromotive  force  of  20  per  cent,  above  and  20 
per  cent,  below  the  mean,  the  lines  0  /?,,  and  O  i?„,  will  be 
about  2  per  cent,  greater  than  the  line  O  P,  resulting  in  a  total 
variation  of  1  per  cent,  in  the  alternating  electromotive  force 
on  either  side  of  the  normal. 

In  addition  to  the  change  in  direct-current  voltage  it  will  be 
noted  that  a  change  in  the  phase  position  of  the  resultant 
alternating  electromotive  force  is  brought  about  by  varying 
the  excitation  of  the  auxiliary  pole  section.  If  this  pole  sec- 
tion is  made  the  trailing  section,  this  shifting  of  the  phase 
position  will  cooperate  with  the  change  in  direct-current  voltage 
in  bringing  about  a  quick  transfer  of  energy  between  the  bat- 
tery and  the  alternating-current  circuit,  by  advancing  the  phase 


Fig.  16 

of  the  alternating-current  voltage,  thus  causing  the  converter 
to  deliver  energy  to  the  alternating-current  circuit  at  the  same 
time  that  the  direct-current  voltage  is  reduced  and  energy  is 
thus  taken  from  the  battery. 

The  effect  of  the  two-section  split-pole  construction  on  the 
wave  shape  of  the  alternating  electromotive  force  may  be  de- 
termined in  the  following  manner.  Referring  to  Fig.  17,  the 
line  A  D  B  represents  as  before  the  developed  periphery  of  the 
armature,  the  ordinate  /  representing  the  field  density  at  any 
point,  this  ordinate  having  the  values  6,  and  c,  at  the  face  of 
the  main  and  auxiliary  pole  sections  respectively.  A  neutral 
space  of  30®  is  allowed  for  commutation  and  the  pole  section 
pitch  is  taken  at  90®  which  requires  a  space  of  30°  between  the 
main  and  auxiliary  pole  sections.  This  leaves  120®  for  the 
combined  arc  of  the  two  pole  sections.  Assuming  that  a  variation 
of  direct-current  voltage  from  20  per  cent,  above  to  20  per  cent. 
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below  the  mean  is  desired,  and  that  the  maximum  density  in 
the  two  pole  sections  is  to  be  approximately  the  same,  the  arc 
of  the  auxiliary  pole  section  should  be  about  20  per  cent,  of 
that  of  the  main  section.  I  have  therefore  shown  the  main 
section  covering  100°  of  arc  and  the  auxiliary  section  20°. 

Let  0  represent  the  angular  distance  of  any  point  on  the 
circumference  of  the  pole  faces  from  the  neutral  point  A  which 
is  taken  as  the  origin. 

Let  /  "represent  the  ordinate  corresponding  with  the  field 
density  al  that  point. 

Let  X  Y  represent  any  section  of  the  armature,  having  an 
angular  span  /?. 

Let  ^  equal  the  angular  distance  of  the  center  point  of  the 
armature  section  X  V  from  the  origin  A  at  any  instant  in  the 
revolution  of  the  armature. 
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Fig.  17 

Let  e  represent  the  momentary  electromotive  lorce  developed 
in  the  armature  section  between  the  points  X  and  Y  at  any 
instant. 

Then  by  Fourier's  theorem  the  value  of  /  may  be  represented 
by 

/  =  ai  sin  (0  —  a^  +a,  sin  3  (0  —  a,)  -hag  sin  5  (0  —  a^)  4-    .    .    .  -f- 
an  sin  n  (0  -  cl^  (1) 

Also  we  have 


*H 


=  kX]^^ 


(2) 
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from  which,  by  substituting  the  value  of  /  in  (I)  and  integrating 
we  have 

e=  I  |«,[cos(^— ^-a,)-cos(^  +  -|-a,)]+^■^[cos3(0-|- 
-  a,)  -  cos  3  (^  +  -|-  -a3)]  +  -f'  [cos  5(^  -  "I"  aj  ~cos  5 
(^  +  -|--a5)]   •    •    •    +^[cosn  (^--|.- an) -COS  w  (^  + 

T  —  «n)]  J 

in  which  *  is  a  constant  depending  upon  the  design  of  the  ma- 
chine, the  speed  of  rotation,  and  the  units  employed.  This 
expression  may  be  reduced  to 

£-=-  2  Ar  j  a,  sin  -^  sin  (0  -  a,)  4--^  sin  -^  sin  3  (^  —  a,)  +  -^  sin 

—  sm  5  (^  -  ttj)    .    .    .  4-  —  sm  y  sm  «  (0  ~  a„)  ^  (3, 

It  will  be  noted  that  the  expression  within  the  brackets  con- 
sists  of  the  fundamental  sine  wave  a ^  sin -~  sin  (0  —  a,)  upon 
which  is  superposed  a  series  of  harmonics  of  the  general  form 

—  sin  -^  sin  n  {<f>—  Uj^      The  coefficient  of  each  of  these  har- 

monic  terms  is  made  up  of  two  factors,  namely  -^  and  sin  -— 

whose  product  will  determine  the  magnitude  of  the  harmonic. 

Let  us  first  consider  the  factor  — ^.     In  order  to  determine  the 

n 

value  of  On,  multiplv  both  members  of  equation  (1)  by 
sin  ndd(n0)  and  integrate  between  the  limits  d=^o  and  0=?:. 
The  second  member  will  then  consist  of  a  series  of  terms  of  the 

form  I  Qfn  sin  m  (d—  a^,)  sin  n  0  d  (n  d). 


J  0 
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it 


It    can    be    shown  that  I  a^t  sin m  (5  —  a^)  sinndd  (nd)=o 

when  m  and  n  are  unequal  odd  integers.  Every  term  in  the  second 
member  of  the  equation  therefore  reduces  to  zero  except  the 
one  term  in  which  w  equals  n  and  the  equation  reduces  to 

Jfsmndd(nO)^    I  an  sin  n  {0  —  Un)  sin  ndd  (n 0)  = 
0  Jo 

nzan  cos  n  an  ,.. 
2 (^^ 

To  eliminate  «„  assume  the  zero  point,  or  origin  from  which 
the  angular  measurements  are  made,  moved  forward  along  the 

periphery  of  the  pole  face  by  an  angle  —  and  let  0'  represent 

the  angular  distance  of  any  f oint  on  the  pole  faces  from  this 

now  origin,      an  will  then  become   an—x-  and  equation    (4) 


becomes 
n.:^-./)/w/«/j/x "         \ "      '1/       nnansmnan 


nnancos  (nan--^) 
fsinftd'dind')   = ^ ^/  _n, 


2  2 

(5) 
Co-r.bining  (4)  and  (5)  by  squaring  and  adding  we  have 


"""^^J  \    (/sinn^J(«^)  I  4-    J    i  fsinnd' d  {n0')  I     (6) 

The  value  of  the  expression   j  /  sin  n  ^  d  (n  ^)  can  readily  be 

J  0 
obtained  from  the  flux  distribution.     Where  /  is  a  succession 
of  constant  values  as  in  Fig.  17,  the  integration  gives 

limit 
—  /  cos  n  0 

limit 

For  the  fundamental  wave  n  =  1,  and  the  value  of  the  first 
integral  under  the  radical  sign  may  be  derived  as  follows  from 
the  data  given  in  Fig.  17; 
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Limits.  <^ 

f 

Integral 

Value 

0*  to  15** 

0 

b 

0 

e 

0 

— 6(oo8ll5*-oosl5*)  . 
—c  (COS  165*  ■  cot  145*) 

TotaJ 

15*  to  116« 

+ 1.3885  fr 

115*  to  145* 

145*  to  165* 

•1-   .147  c 

165*  to  180* 

(1.3«)5fr+.147<r) 

For  the  second  integral  assume  the  origin  moved  90®  ahead 
and  proceed  as  above. 


Limits,  r 

/ 

Integral 

Value 

0*  to    25*     

h 

0 

c 
o 

-b 

—  6(cos25*    -cosO*) 
~c(cos75*    ~cos55*) 
+  !>  (cos  180*  -  cos  105*) 
Total 

+  .0937  6 

26*  to    55* 

56'  to    75* 

-I-.315C 

75*  to  105* 

105*  to  180*         

—.7412  b 

—.6475  6+. 315  c 

Substituting  these  two  values  in  (6)  we  have 
2 


or 


V(1.3885  64-.147c)'+  (-.64756  +  .315(r)», 


V2.347  6»  +  .121c» 


(7) 


lie  ^  o  Oj  =    .975 6 

If  c  =-  +6  or -6,  a^  =  1.000  6 

Thus  we  have  a  variation  of  2J  per  cent,  in  the  magnitude  of 
the  fundamental  sine  wave  of  electromotive  force  with  a  40 
per  cent,  change  in  the  direct-current  voltage. 

To  determine  the  value  of  a,  we  have  n  =  5.  Proceeding 
as  above: 


Limits.  9 

f 

Integral 

Value 

0*  to  15*     

0 

b 

0 

c 
o 

—6  (cos  575* -cos  76*) 
—f  (cos  825* -cos  725*) 

Total 

15*  to  115* 

1  078  6 

115*  to  145* 

145*  to  165* 

+ 1  255  c 

165*  to  180* 

1.078  6+ 1.256  c 

Moving  origin  18^  (  =  ;r/2n)  ahead, 

Limits,  r 

f 

Integral 

Value 

0*  to    ©7*     

6 

0 

c 

— 6  (cos  485* -cos 0*) 
— c  (cos 735* -cos  635*) 
+6  (cos 900* -cos 885*) 
Total 

1  574  6 

97*  to  127*     

127*  to  147* 

—  870  G  • 

147*  to  177* 

177*  to  180* 

—.034  6 

1.540  6-. 879  r 
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From  which 

2       

^6  =  5^  \/3.532  b"  t  2.347  c*  f^) 

U  c  =  o  aj  =  .239  b 

If  c  =  +6  or -ft,  a^  =  .308  6 

By  the  above  method  the  value  of  an  for  any  harmonic  term 
for  any  type  of  synchronous  machine  may  be  determined  when 
the  field  distribution  is  known.  (For  a  more  general  solution 
of  the  two-sectional  pole  type,  see  Appendix.) 

n3 
Turn  now  to  the  other  factor  in  the  coefficient,  namely  sm  -5-. 

£1 

The  angle  /?  represents  the  angular  span  included  between  two 
alternating-current  taps  from  the  armature  to  the  collector 
rings.  When  this  angle  is  known  this  factor  in  the  coefficient 
is  determined.     For  the  ordinary  diametric  connection  we  have 

^  ^  Tz  and  sin  -^  is  always  ±  1,  «  being  an  odd  integer,  and  it 

can  be  shown  that  when  ^  ==  r,  each  harmonic  in  the  series  is 
passing  through  a  maximum  value  with  respect  to  the  funda- 

2-jz         35 
mental.     By  making  ^  =  ~^,  sin  -^  =  0,   and  the  third   har- 
monic disappears.    Likewise  all  the  multiples  of  the  third  har- 
monic are  reduced  to  zero.     This  corresponds  with  the  ordinary 
three-phase  delta  connection.     With  this  value  of  ^  we  have 

sin^  =  ±i\/3 

for  all  values  of  n  except  multiples  of  three.  The  ratio  to  the 
fundamental,  of  all  harmonics  except  the  third  and  its  multiples, 
will  therefore  be  the  same  as  with  the  diametric  connection. 

The  third  harmonic  and  its  multiples  may  however  be  sim- 
ilarly suppressed  by  star-connecting  the  primaries  of  the  statics. 
By  doing  this  the  value  of  ^  may  be  chosen  with  reference  to 
some  other  harmonic  than  the  thiid.     By  making  /?  =  .8  ;r  we 

have  sin  -^  =  0  and  the  5th  harmonic  disappears.  By  making 
^  =  -;r-,  sin  -;^  =  0  and  the  7th  harmonic  disappears.     By  as- 
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suming  a  value  for  /3  intermediate  between  .8  k and  -=^,  say  0.82  t:, 

we  have  sin  -^  =  0.1564  and  sin  -^  =  0.397,  and  both  the  6th 

and  7th  harmonics  are  reduced  to  small  percentages  of  their 
maximiim  values. 

In  Fig.  18  is  illustrated  a  combination  designed  to  suppress 
the  third  harmonic  and  reduce  the  5th  and  7th  to  a  minimum 
as  above  described.  The  armature  A,  of  the  converter  is  pro- 
vided with  alternating-current  taps  dividing  it  into  three  phase- 
sections,  each  spanning  an  angle  of  0.82  ;r  =  147°  36'.  The 
three  phase-sections  are  however  displaced  by  angles  of  120°, 
and  can  therefore  be  independently  connected  across  the  sec- 


FiG.  18 

ondaries  of  the  statics  whose  primaries  are  star-connected  to 
the  three-phase  circuit  as  shown. 

From  equation  (3)  it  will  be  seen  that  the  ratio  ot  the  ampli- 
tude of  any  harmonic  to  that  of  the  fundamental  is 

.      n3 
an  sm  -^ 

a,  sm   ^ 


Substituting  in  this  the  values  of  a,  and  a^  as  given  in  equations 
(7)  and  (8)  and  similarly  determining  the  value  of  this  ratio 
for  the  7th  hannonic,  the  values  of  these  two  harmonics  in  pro- 
portion to  the  fundamental  will  be  given  m  terms  of  the  two 
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field  densities  h  and  c.  The  direct-current  voltage  will  be  pro- 
portional to  the  total  field  flux,  Le,,  to  6-I-.2  c  (the  smaller  pole 
section  arc  being  20  per  cent,  of  the  greater).  From  these  data 
the  curves  shown  in  Fig.  19  have  been  plotted,  showing  the 
ratio  of  the  5th  and  7th  harmonics  to  the  fundamental  for 
various  direct-current  voltages  covering  a  range  of  20  per  cent, 
on  each  side  of  the  mean.  In  the  curves  to  the  left  the  dia- 
metric connection  has  been  assumed;  the  same  ratios  would 
hold  for  three-phase  delta  connection.  In  the  curves  to  the 
right  the  relative  values  of  the  same  harmonics  are  given,  using 
the  scheme  of  connection  as  shown  in  Fig.  18.  In  the  first  case 
the  maximum  values  of  the  5th  and  7th  harmonics  are  seen 
to  be  6.2  per  cent,  and  2.5  per  cent,  of  the  fundamental,  respec- 


/*'  ffi  v5S      a4  M  ^96         ^^JJff  7m» 

^tLTtgt  of  D,C  VoHa^^  >im  JuxA^^afiB  jf  mean  maluc 

Fig.  19 


tively,  while  in  the  latter  case  they  are  both  reduced  to  a  max- 
imum of  1  per  cent,  of  the  fundamental. 

In  Fig.  20,  is  shown  the  resultant  wave  shape  obtained  by 
combining  the  fundamental  with  the  5th  and  7th  harmonics, 
the  maximiun  values  of  the  latter  being  taken,  corresponding 
with  minimum  direct-current  voltage  and  diametric  connection 
(see  Fig.  19).  In  Fig.  21,  the  wave  shape  is  given  for  the  same 
conditions  except  that  the  connections  are  as  shown  in  Fig.  18 
(^3  =  0.32  r).  In  these  curves,  only  the  5th  and  7th  harmonics 
have  been  considered.  The  3d  and  9th  are  eliminated  by 
star-connecting  the  static  primaries,  and  those  of  higher  fre- 
quency may  be  i{jnorcd. 

The  scheme  shown  in  Fig.  18,  produces  some  increase  in  the 
heating  developed  in  the  armature  winding  of  the  converter 
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as  compared  with  the  diametric  connection.  In  Fig.  22,  curves 
have  been  plotted  showing  this  comparison.  By  reference  to 
these  curves  it  will  be  seen  that  the  mean  P  R  loss  has  been 
increased  about  12  per  cent.,  while  the  maximum  loss  in  any 
single  bar  is  about  50  per  cent,  greater  than  with  the  diametric 
connection.  The  maximum  heating  per  slot  is  however  increased 
only  about  10  per  cent,  since  the  two  bars  in  which  the  heating 
is  maximimi  are  not  located  in  the  same  slot.  These  curves 
are  based  on  field  distribution  corresponding  to  the  minimum 
ratio  of  direct-  to  alternating-current  electromotive  force,  the 
value  of  c  in  equation  (7)  being  taken  as  —  6.     This  voltage  ratio 


t::!^:;-;  ; 


^^i-r 


-ii-^rlr+fHlHHi:::i-:H.:Lii:ilil:i:l.: 


cfta 


Fio.  20 


has  of  course  a  material  effect  on  the  armature  heating  since 
it  fixes  the  ratio  between  the  superposed  alternating  and  direct 
currents  in  the  armature  winding.  The  curve  showing  the  dis- 
tribution of  heating  with  diametric  phase  connection  in  Fig.  22 
is  therefore  somewhat  different  from  that  corresponding  to  a 
converter  of  normal  ratio.  For  intermittent  service,  such  as 
would  be  involved  in  storage  battery  regulating  work,  the  aver- 
age heating  of  the  armature  winding  will  usually  be  of  minor 
importance,  as  the  design  of  the  machine  would  ordinarily  be 
determined  by  other  considerations,  such  as  commutation  at 
maximtun  momentary  output  and  flux  distribution.     Tnus  the 
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scheme  shown  in  Fig.  18  would  appear  to  offer  no  appreciable 
disadvantages.  Furthermore,  this  increase  in  heating  will  be 
at  least  partially  offset  by  the  reduced  losses  due  to  the  elimina- 
tion of  high  frequency  currents  superposed  on  the  fimdamental. 
The  third  piece  of  auxiliary  apparatus  which  I  will  describe 
is  an  exciter  designed  to  control  the  regulating  field  of  a  booster 
or  split-pole  converter  in  response  to  variations  of  load  on  an 
alternating-current  circuit.  This  machine  is  illustrated  in 
Fig.  23,  and  as  there  shown  consists  of  an  armature,  B,  provided 
with  a  bi-polar  winding  revolving  in  a  four-pole  field  frame. 
This  armature   is  connected  by  suitable   collector  rings    (not 


Fig.  21 

shown  in  the  drawing)  to  the  secondary  windings  of  three  cur- 
rent transformers  T,,  T^,  T,,  whose  primaries  are  connected  in 
series  with  the  alternating-current  circuit  1,  2,  3,  supplied  by 
a  source,  A,  whose  load  is  to  be  controlled.  The  alternating 
current  thus  transmitted  through  the  armature  winding  would, 
if  the  latter  were  stationary,  produce  a  revolving  field  propor- 
tional to  the  output  from  the  source,  A.  The  armature  is, 
however,  rotated  by  means  of  a  synchronous  motor  in  the  op- 
posite direction  to  that  of  the  field  rotation  so  as  to  hold  this 
field  stationary  in  space.  There  will  result  a  stationary  field 
whose  axis  is  in  the  line  of  the  arrow  AT,.     A  commutator,  C, 
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is  connected  to  the  armature  winding  upon  which  bear  two 
pairs  of  brushes,  4-5  and  6-7.  The  effect  of  the  field  K^  would 
be  to  produce  a  direct-current  electromotive  force  between  the 
brushes  4  and  5.  A  shunt  winding,  8,  on  the  four  poles  of  this 
machine,  controlled  by  the  rheostat,  7^,  may  be  adjusted  to 
neutralize  the  field  K^  at  any  predetermined  output  from  the 
source,  A,  thus  reducing  the  electromotive  force  between  the 
brushes  4  and  5  to  zero.  These  latter  brushes  are  then  short 
circuited.  If  now,  a  slight  increase  of  load  on  the  source  A 
should  occur  the  field  /C^  would  no  longer  be  neutralized  by  the 
shunt    field   winding    and    an    electromotive    force    would    be 


Fig.  23 

produced  between  the  brushes  4-5  causing  a  considerable 
flow  between  these  brushes.  This  flow  produces  a  second- 
ary field  AT,  at  right  angles  to  the  first  and  of  appreciable 
magnitude;  and  this  second  field  produces  an  electromotive 
force  across  the  other  pair  of  brushes  G-7,  which  are  connected 
to  the  regulating  field,  F.  In  series  between  the  brush  7  and 
the  corresponding  terminal  of  the  field,  F,  is  connected  a  series 
winding  on  the  poles  of  the  exciter,  designed  to  neutralize  the 
magnetomotive  force  of  the  current  through  the  armature 
winding  between  the  brushes  6  and  7,  so  that  the  output  from 
these  brushes  will  have  no  disturbing  effect  on  the  exciter  field. 
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This  type  of  exciter  possesses  a  number  of  important  features 
in  connection  with  alternating-current  regulation,  which  may 
be  briefly  enumerated  as  follows: 

1.  It  will  be  seen  that  it  acts  as  a  multiplying  device  by  rea- 
son of  the  magnifying  effect  of  the  current  between  the  short 
circuited  brushes,  and  can  therefore  be  made  exceedingly  sen- 
sitive to  small  changes  in  the  alternating-current  load. 

2.  It  can  be  made  to  respond  to  any  desired  phase  com- 
ponent of  the  alternating  current  by  a  suitable  angular  relation 
between  the  exciter  armature  and  the  armature  of  the  s3nichron- 
ous  motor  which  drives  it.  Thus  for  controlling  the  charge  and 
discharge  of  a  storage  battery  this  exciter  would  be  adjusted 
to  respond  to  the  energy  component  of  the  alternating  current. 

3.  For  controlling  the  power  factor  on  the  alternating-current 
circuit  the  two  pairs  of  brushes  4-5  and  6-7  may  be  interchanged 
so  that  the  latter  are  short-circuited  while  the  former  are  con- 
nected to  a  field  winding  on  any  synchronous  apparatus  con- 
nected to  the  alternating-current  circuit.  The  exciter  will  then 
be  responsive  to  the  wattless  component  of  the  alternating 
current  and  can  be  made  to  control  the  field  of  the  synchronous 
apparatus  in  such  a  way  that  this  apparatus  will  supply  prac- 
tically all  or  any  desired  proportion  of  this  wattless  current. 
For  controlling  both  the  energy  fluctuations  and  the  power- 
factor  two  such  exciters  may  be  operated,  one  of  which  is  re- 
sponsive to  the  energy  component  and  the  other  to  the  wattless 
component  of  current. 

Another  advantageous  feature  of  this  exciter  lies  in  the  fact 
that  the  secondaries  of  the  current  transformers  may  be  short- 
circuited  at  any  time  with  the  result  of  merely  killing  the  regu- 
lating function.  It  is  not  necessary  to  disconnect  the  con- 
nections to  the  collector  rings  before  doing  this,  even  with  con- 
siderable excitation  in  the  shunt  field  winding  of  the  exciter, 
since  the  armature  reaction  is  so  great  that  a  short-circuit  will 
produce  only  a  nominal  flow  of  current  sufficient  to  demagnetize 
th2  fields.  Similarly,  in  putting  the  apparatus  into  service  the 
rheostat,  R,  if  properly  calibrated  may  be  set  for  any  desired 
constant  load  on  the  source.  A,  and  after  all  the  main  connec- 
tions are  closed  so  that  the  battery  is  merely  floating  on  the 
system,  the  short-circuiting  switch  across  the  secondaries  of 
the  current  transformers  may  be  opened  and  the  load  on  the 
source,  A,  will  immediately  be  held  at  the  constant  predeter- 
mined value  for  which  the  rheostat,  R,  has  been  set. 
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Appendix 
A-  more  general  solution  for  the  wave  shape  of  alternating 
electromotive  force  in  the  split-pole  converter  of  the  two  section 
type  is  given  below,  using  the  nomenclature  shown  in  Fig.  24 
as  follows: 

Yb  =  the  arc  covered  by  the  principal  pole  section. 
Yc  =  the  arc  covered  by  the  auxiliary  pole  section. 
2  5  =  the  neutral  arc  between  pole  tips. 
p  =  the  pole  section  pitch. 

6  =  the  angular  distance  of  any  point  on  the  pole 
faces  from  the  origin  A. 

0'  =  0  —  —  =  the  angular  distance  of  the  same  point 
from  the  secondary  origin  0. 


jr 


^ 


Fig.  24 


b  =  the  flux  density  under  the  principal  pole  section. 
c  =  the  flux  density  under  the  auxiliary  pole  section. 

Repeating  equation  (6)  we  have 


an  =  ;!  J  j   I  /smn»c^(«^)  [    +  {   j  /sinn»'d(ndO  [  (6) 

But  the  expression    I  /  sin    «0  d(nd),    after    integrating    and 

substituting  the  values  in  Fig.  24  becomes 

b  [co^nd  —  co^n{d-\-Yh)]-\-c  [cosnU  —  d  —  Yc)  — cosn(;r  — 5)] 
=  6  [cosn(5-  cos  n{d-\-Yb)\-^c  \cosn6  — cos  n{d-¥Yc)] 
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likewise  I  fsinnd^d  {nO')  becomes 

6|l-cosn^5+;'^-^j  J  +(;  j  cos  w^r- 5-^^- 5J;)- 

cos»^  ^-'*"~i£)["'^  j  cosn(7:  +  *-^)  +1  | 

=  6  [sin  n3  —  sin  n(^-h;'6)]  —  c  [sin  n^  —  sin  n{d'\-Yc)] 

Substituting  these  values  in  equation   (6)   and   making  the 
necessary  trigonometrical  transformations,  remembering  that 


f,^^^2S-X^ 


we  have 


an  =  — V  fe'  sin»-^  +  c»  sin«-^  +  2  6  c  sin  -^  sin  -\^  cos  np 
nn^  2  2  22*^ 

(9) 
this  gives  for  the  amplitude  of  any  harmonic  in  equation  (3) 


sin  iJb'sin^ ^^  +  c^ sin^ ^L^ 26csin-«P-  sin  -^ 


— -  sin  -Tr\/  O'  sm'  -~ -♦- c^  sm-"  —^ -\-2  0csin-~'  sm  — ^  cos  no 
rrn^  2   "  2  2  2  2  '^ 

(10) 


and  representing  the  ratio  of  any  harmonic  to  the  fundamental 
by  h  we  have 

^  sin  ^     /fe»  sin^  ^'^  -f  c^  sin^  ^^  +  2  fe  c  sin  ~^''  sin-^f^  cos  n  p 

^'sin4\    6*sin'^  +  f'sin=^^4-2fccsin^sin^cos/> 

(11) 

This  expression  gives  the  relative  value  of  any  harmonic  in 
terms  of  the  two  pole  section  arcs  yi,  and  j-c,  the  corresponding 
field  strengths  b  and  c,  the  pole  section  pitch  p  and  the  angular 
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span  of  the  armature  section  fi.     Equation  (11)  may  also  be 
written 


/,-4 


2   sm  ^     /  sm*  -^ + -^  sin*  -y  +  y  sm  -^^  sm  -^  cos  np 

^'  sin4\    sin'^+^sin*^+^sin?|.sin^cosp 

(12) 


in  which  the  ratio  of  the  harmonic  to  the  fundamental  is  ex- 
pressed in  terms  of  the  ratio  between  the  field  strength  of  the 
auxiliary  section  and  that  of  the  principal  section. 

Let  6  =  6p  when  c  =»  0,  also  let  the  amplitude  of  the  funda- 
mental electromotive  force  be  kept  constant  by  slightly  varying 
the  value  of  6  as  c  is  varied.     Then  from  equation  (9)  we  have 

6» sin* -^H-(^sin»-^ -1-26(7 sin^sin^cos |0  =  fco'sin*-^  (13) 

Substituting  this  in  equation  (11)  we  have 


h- 


1  ^^"  2    \^^"^"    2   +V^^"    2  +6%  s^^-f  sm-^^cosnp 
sin^  sin-^  (14) 


For  any  assumed  value  of  c/b^  the  value  of  b/b^  may  be  deter- 
mined from  equation  (13)  and  these  two  in  (14)  will  give  the 
corresponding  value  of  h. 

The  direct  current  voltage  V  will  be  (see  equation  2) 


-'fi 


dd 


and  using  the  nomenclature  in  Fig.  24,  this  becomes 

v  =  k\brb+crc\  (15) 

From  (10)  the  mean  effective  value  of  the  fundamental  is 

E  =  lA^  sin  ^  J  6»  sm'-^ + c'  sin»-§-  +  2  6  c  s.n  ^  sin  -^  cos  p 

(16) 
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and  the  ratio  of  alternating-  to  direct-current  voltage 


(17; 


^(n-^^rc) 


f^sinfVsin'f-.|sin»-j4-2f 


E  4  V'2         .    ff.l  .  .Tk.   C  .  .r.  .  ^c    .  _ri    .    r^, 

I  ^r-  sm  -4-  c 


sui«^sin-7rCOS/ 


F         /         c     \*'"2  > ""'   2  "  6*         2^62        2 


118) 


which  gives  this  ratio  in  terms  of  the  ratio  c/b 
If  c  =  o,  (17)  becomes 

If  the  amplitude  of  the  fxmdamental  is  held  constant,  we  have 
E  ==  Eq  and  by  substituting  (13)  and  (19)  in  equation  (17) 


From  equations  (13)  and  (20)  the  variation  of  the  direct- 
current  electromotive  force  may  be  derived  for  any  change  in 
the  auxiliary  field  strength,  on  the  assumption  that  the  alter- 
nating-current electromotive  force  is  held  constant  by  varying 
the  strength  of  the  principal  pole  section.  If  the  converter  is 
connected  to  a  source  of  constant  alternating  electromotive 
force,  this  variation  in  the  field  strength  of  the  principal  pole 
section,  if  not  obtained  by  manual  adjustment,  will  be  brought 
about  by  the  magnetizing  effect  of  the  wattless  currents  in  the 
armature  winding. 

From  equations  (13),  (14),  and  (20),  the  curves  shown  in  Fig. 
19  were  obtained. 

In  Fig.  25  curves  have  been  plotted  giving  the  variation  in 
eld  strength  of  the  main  and  auxiliary  poles  for  various  direct- 
current  voltages,  the  amplitude  of  the  fundamental  wave  of 
alternating  electromotive  force  being  held  constant,  these 
curves  being  plotted  from  equations  (13)  and  (20),  the  following 
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values  (corresponding  to  the  design  of  a  machine  actually  built) 
being  assumed  for  the  pole  face  arcs: 

Th  =  104^ 
Tc  =  44^ 
p    =     74^ 

It   will   be   noted   that   a   certain    maximum   direct-current 


-/-:*tli±L 


Fig.  25 

voltage  is  reached  which  cannot  be  exceeded  under  the  condition 
of  constant  alternating  electromotive  force,  since  the  reduction 
in  the  main  field  strength  necessary  to  maintain  this  latter  condi- 
tion more  than  offsets  the  further  increase  in  the  auxiliary  field 
strength.  It  will  also  be  noted  that  over  a  wide  range  of  varia- 
tion of  the  direct-current  voltage  the  main  field  strength  re- 
mains  nearly    constant,    passing    through    a   maximum    point 
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from  which  it  recedes  as  the  direct-current  voltage  is  increased 
or  diminished. 

By  reference  to  equation  (12)  it  will  be  seen  that  certain  of 
the  harmonics  may  be  eliminated  by  giving  suitable  values  to 

4;-  2;: 

]rb  and  /-<:.  For  example,  if  /-^  =  -=^  and  /-^  =  -~,  the  7th  har- 
monic will  disappear.  These  values  for  the  pole  section  arcs 
leave  but  very  little  neutral  area  for  commutation,  even  if  the 
pole  sections  are  contiguous,  and  call  for  an  auxiliary  pole 
section  arc  one-half  that  of  the  principal  pole  section,  while 

the  angle  p  is  *-~,  necessitating  control  of  both  pole  sections  in 

order  to  maintain  unity  power  factor  (unless  the  mean  value  of 
c  is  negative,  which  will  reduce  the  kw.  output).  The  5th  har- 
monic caimot  be  entirely  eliminated  in  this  way,  and  the  higher 
harmonics  are  not  of  sufficient  importance  to  warrant  a  design 
which  is  otherwise  disadvantageous. 

Some  of  the  higher  harmonics  may  also  be  suppressed  by 
using  a  fractional  pitch  winding.  This  method  however  cannot 
be  carried  far  enough  to  have  an  appreciable  effect  on  the  vakie 
of  harmonics  below  the  9th. 
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Discussion  on  **  Voltage  Ratio  in  Synchronous  Converters, 
WITH  Special  Reference  to  the  Split-Pole  Con- 
verter "  AND  ON  "  Application  of  Storage-Batteries 
to  Regulation  of  Alternating-Current  Systems." 
Atlantic  City,  N.  J.,  July  1,  1908. 

P.  M.  Lincoln:  These  papers  give  a  much  clearer  insight  into 
the  theory  and  expected  performance  of  the  so-called  **  split- 
pole  '*  synchronous  converter  than  anything  which  has  been 
produced  up  to  date.  With  these  papers  before  him,  the  engi- 
neer who  contemplates  using  this  type  of  machine  is  in  much 
better  position  to  judge  of  its  merits  than  ever  before. 

In  both  papers,  almost  the  only  question  discussed,  so  far 
as  the  split-pole  synchronous  converter  is  concerned,  is  that 
of  wave  form.  Although  of  prime  importance,  this  question  of 
wave  form  is  by  no  means  the  only  one  which  is  to  determine 
whether  this  type  of  construction  will  stand  the  test  of  time, 
or  whether,  on  the  other  hand,  it  will  find  its  way  into  the  oblivion 
of  the  monocyclic  system,  and  other  disappointed  hopes.  This 
split-pole  method  of  obtaining  a  variable  voltage  must  be  com- 
pared with  other  methods  of  obtaining  the  same  results,  not 
only  with  respect  to  wave  form,  but  also  with  respect  to  rela- 
tive capacity,  cost,  efficiency,  commutation,  power-factor, 
weight,  floor  space,  heating,  reliability,  noise,  possibility  of 
resonance,  rapidity  of  voltage  change,  liability  of  hunting,  etc. 
It  is  only  the  test  of  time  that  can  prove  out  this  machine. 
Some  light,  however,  can  be  thrown  on  the  matter  by  further 
discussion  of  some  of  the  questions  mentioned  above. 

Wave  form.  In  my  discussion  of  this  machine  before  the 
Institute  in  February,  the  following  statement  occurs: 

With  a  field  form  other  than  a  sine,  the  wave  form  across  the  elec- 
trical diameter  deviates  from  sine  fo*rm  less  than  that  across  any  chord. 

While  this  statement  is  perfectly  true  for  the  general  case,  I 
wish  to  take  this  opportunity  to  acknowledge  that  it  does  not 
apply  to  the  case  of  the  synchronous  converter  as  ordinarily 
constructed.  As  Professor  Adams  has  pointed  out,  harmonics 
of  any  one  order  can  be  eliminated  from  the  electromotive-force 
wave  of  a  synchronous  converter  by  suitably  choosing  the  angle 
between  adjacent  taps.     For  instance,  in  a  converter  in  which 

the  adjacent  taps  are  spaced  at  an  angle  of  -5-,  or  120  deg., 

third  harmonics  will  be  eliminated.     With  adjacent  taps  spaced 

at  an  angle  of  -^,  or  72  deg.,  fifth  harmonics  will  be  eliminated, 
o 

27r 

With  taps  -=-,  or  51.4  deg.  apart,  seventh  harmonics  will  be 

eliminated,  etc. 

In  the  above  not  only  are  the  third,  fifth  and  seventh  har- 
monics   eliminated    from    the    electromotive-force     wave,    but 
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also  in  each  case  multiples  of  these  harmonics  are   eliminated. 

Likewise,  with  taps  spaced  apart  by  an  angle  of  -^,  or  180  deg., 

all  second  harmonics  are  eliminated  and  multiples  thereof;  in 

Other  words,  all  even  harmonics.   With  taps  -j-,  or  90  deg.  apart 

all  fourth  harmonics  and  multiples  thereof  are  eliminated,  etc. 
Professor  Adams  has  pointed  out  that  in  general,  harmonics 
enter  into  a  wave  form  in  values  in  inverse  proportion  to  their 
order;  that  is,  ordinarily  the  third  harmonic  will  be  of  greater 
value  than  the  fifth,  the  fifth  of  greater  value  than  the  seventh, 
etc. 

In  the  most  general  case,  that  is,  where  even  harmonics  enter 
as  well  as  odd,  the  same  relation  will  hold.  In  general,  the 
second  harmonic  will  be  of  greater  value  than  the  third,  the 
third  greater  than  the  fourth,  etc.  It  follows,  therefore,  that 
in  this  general  case  the  180-deg.  taps  give  rise  to  a  wave 
form  which  deviates  from  a  sine  to  the  minimum  extent,  since 
it  eliminates  all  even  harmonics. 

It  must  be  borne  in  mind,  however,  that  so  long  as  the  nega- 
tive and  positive  fluxes  in  a  synchronous  converter,  or  other 
electrical  machine,  are  of  the  same  shape,  even  harmonics  are 
eliminated  owing  to  this  fact.  We  can,  therefore,  entirely  neglect 
the  matter  of  even  harmonics  in  selecting  angular  distance 
between  taps  in  synchronous  converters,  and  can  make  the  selec- 
tion such  that  the  maximum  of  odd  harmonics  wiQ  disappear. 
From  the  above  it  is  evident  that  the  connection  which  will 
eliminate  third  harmonics  and  multiples  thereof  will  give  rise 
to  the  wave  form  which  deviates  the  least  from  the  sine  wave. 
It  is  evident,  therefore,  that  in  a  synchronous  converter  or  other 
electrical  machine  in  which  the  positive  and  negative  field  forms 
are  of  the  same  shape,  the  120-degree  taps,  not  the  180-degree, 
will  give  a  wave  form  which  deviates  a  minimum  amount  from 
a  sine. 

In  a  split-pole  synchronous  converter,  therefore,  the  secret 
of  obtaining  a  variable  voltage  by  variation  of  the  field  form, 
and  at  the  same  time  a  wave  form  fairly  free  from  harmonics, 
is:  first,  to  use  a  three-phase  converter;  second  to  design  the 
field  form  so  that  it  is  composed  as  far  as  possible  of  nothing  but 
a  fundamental  form  upon  which  is  superposed  a  variable  third- 
harmonic  form.  It  is  evident  that  a  constancy  of  wave  form 
can  be  realized  in  a  three-phase  synchronous  converter  only  as 
we  approach  the  condition  that  the  superposed  variable-field 
form  contains  nothing  but  third  harmonics  or  multiples  thereof. 
Further  consideration  will  show  that  in  the  three-part  pole 
converter  it  is  not  difficult  to  obtain  a  close  approximation  to 
this  condition. 

This  fact  is  quite  readily  shown  by  an  inspection  of  Figs 
9,  11  and  13  of  Mr.  Woodbridge's  paper.  An  inspection  of  these 
figures  shows  that  by  far  the  larger  part  of  the  field  distortion 
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takes  the  form  of  a  superposed  third  harmonic.  In  Fig.  9  this 
superposed  third  is  about  33  per  cent,  of  the  maximum  field 
value,  in  Fig.  11  about  54  per  cent.,  and  in  Fig.  13  the  third  is 
practically  absent.  During  this  field  variation  the  total  voltage 
variation  is  about  19  per  cent.,  thus  proving  out  in  a  beautiful 
manner  the  theoretical  curve  shown  by  Professor  Adams  in 
Fig.  6.  Since  these  third  harmonic  variations  in  the  field  form 
do  not  affect  the  120-degree  electromotive- force  wave,  com- 
paratively slight  changes  in  the  resulting  wave  form  may  be 
expected,  as  shown  by  Figs.  10,  12  and  14. 

With  a  two-part  pole  the  problem  of  eliminating  the  higher 
harmonics  is  not  so  simple.  Refer,  for  instance,  to  Fig.  7,  of 
Professor  Adams's  paper.  The  typical  two-part  field  form 
shown  therein  gives  a  rather  large  third,  but  inspection  also 
shows  that  with  such  a  two-part  field  form  it  is  impossible  to  con- 
fine the  variations  to  thirds  exclusively,  as  is  the  case  in  the 
three-part  pole  machine.  In  order  to  have  practically  nothing 
but  the  third  harmonic  enter,  it  would  be  necessary  to  have  a 
downward  projecting  lobe  on  the  left-hand  side  of  this  field 
form  as  well  as  on  the  right-hand  side  as  shown.  Since  it  is 
impossible  to  confine  the  field-form  variations  to  thirds,  it  follows 
that  the  wave-form  variations  will  be  much  greater  in  the  two- 
part  pole  synchronous  converter  than  in  the  three-part. 

Mr.  Woodbridge  suggests  an  ingenious  scheme  in  Fig.  18,  for 
further  reducing  the  effects  of  the  fifth  and  seventh  harmonics 
in  the  case  of  a  two-part  pole  synchronous  converter.  He, 
however,  suggests  a  rather  serious  objection  to  the  scheme, 
in  noting  that  the  loss  in  a  single  bar  of  a  converter  so  connected 
is  60  per  cent,  higher  than  the  average  loss.  That  the  average 
per  slot  is  not  so  high  will  assist  matters  inside  the  slot,  but  it 
is  well  known  that  heavily  loaded  windings  suffer  from  heating 
at  points  outside,  not  inside  the  slots.  This  objection  becomes 
still  more  important  when  we  consider  that  the  single-bar  loss 
becomes  still  more  than  50  per  cent,  above  the  average  with 
power-factors  other  than  100  per  cent. 

I  might  note,  in  passing,  that  in  order  to  arrive  at  the  true 
electromotive-force  curves  both  Figs.  20  and  21  of  Mr.  Wood- 
bridge's  paper  should  have  a  large  third  harmonic  added,  the 
values  of  which  should  be  nearly  20  per  cent,  in  Fig.  20  and 
nearly  10  per  cent,  in  Fig.  21.  While  these  third  harmonics  do 
not  appear  in  the  external  three-phase  circuit,  they  do  cause 
transformers  placed  across  the  diameter  (Fig.  20)  and  the 
82  per  cent,  chord  (Fig.  21)  to  pass  through  a  magnetizing 
cycle  which  will  increase  their  iron  losses  in  the  approximate 
ratio  of  the  entering  third;  that  is.  20  per  cent,  increase  for 
Fig.  20  and  10  per  cent,  increase  for  Fig.  21. 

A  class  of  service  from  which  this  type  of  synchronous  con- 
verter is  effectually  barred  is  the  Edison  three-wire  circuits  in 
which  the  neutral  is  brought  out  from  the  transformers  and 
connected  to  the  neutral  of  the  lighting  system;  as  any  attempt 
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to  use  the  machine  in  this  service  would  superpose  the  third 
harmonic  upon  the  direct-current  circuits,  and  also  cause  cir- 
culating currents  in  the  transformer  windings,  if  more  than  one 
transformer  were  tapped  into  the  neutral. 

In  general,  so  far  as  wave  form  is  concerned,  it  seems  possible 
so  to  design  the  three-part  synchronous  converter  pole  that  no 
appreciable  circulating  current  will  be  caused  in  the  outside 
circuits  on  account  of  wave-form  variation,  provided  three-phase 
converters  are  used.  In  the  case  of  the  two-part  pole,  the 
circulating  currents  caused  by  variable  wave  form  will  probably 
be  appreciable,  but  not  disastrous,  unless  very  large  alternating 
and  direct-current  voltage  variations  be  attempted. 

Capacities  and  costs.  In  order  to  obtain  the  variable  voltage 
feature  of  the  split-pole  converter,  it  is  necessary  to  make  a 
considerable  sacrifice  in  the  output  that  can  be  obtained  from 
a  given  amount  of  material.  This  can  best  be  shown  by  reference 
to  Figs.  11  and  13  of  Mr.  Woodbridge*s  paper.  Fig.  11,  for 
instance,  shows  the  resulting  field  form  of  one  of  these  split-pole 
converters  when  it  is  delivering  its  maximtmi  voltage.  The 
deep  notch  out  of  the  middle  of  the  field  form  in  Fig.  11  as 
measured  by  a  planimeter  amounts  to  about  33  per  cent,  of  the 
area  under  the  curve.  In  other  words,  if  the  notch  were  absent 
and  the  converter  armature  winding  suitably  changed,  an  in- 
crease in  capacity  could  be  obtained  from  the  same  converter 
of  some  25  per  cent,  without  increasing  the  cost  of  the  rotary 
over  one  designed  with  a  field  form  like  Fig.  11.  This  means 
that  a  sacrifice  of  33  per  cent,  in  capacity  must  be  made  in  order 
to  obtain  the  variable  voltage  feature.  Coupled  with  its  other 
disadvantages,  this  is  probably  enough  to  eliminate  the  three- 
part-pole  converter  from  any  active  competition  with  other 
modes  of  obtaining  variable  voltage. 

Referring  to  Fig.  13,  the  same  criticism  applies,  although  in 
this  case  it  is  not  of  so  much  importance,  as  this  Fig.  shows 
the  minimum  voltage  condition  and  not  the  maximum  voltage 
as  indicated  in  Fig.  11.  The  converter  with  a  field  form  as  in 
Fig.  13  suffers  a  loss  in  capacity  of  about  25  per  cent,  as  com- 
pared with  a  converter  of  normal  field  form,  the  material  of  the 
teeth  therein  being  worked  to  the  same  magnetic  density  in 
both  cases. 

Referring  to  the  two-part  pole  scheme,  the  same  criticism 
applies,  but  the  capacities  do  not  suffer  quite  so  large  a  de- 
crease. For  instance,  the  arrangement  shown  by  Mr.  Wood- 
bridge  in  Fig.  17  shows  a  notch  between  the  main  and  auxiliary 
poles  of  20  per  cent  of  the  available  pole  width.  This  would 
have  the  effect  of  decreasing  the  capacity  of  such  a  machine  in 
approximately  the  same  ratio.  Another  criticism  of  the  ar- 
rangement shown  in  Fig.  17  is  that  the  notch  in  which  the  brushes 
rest  is  given  a  width  of  only  30  degrees  or  16f  per  cent,  of  the 
pitch.  Experience  indicates  that  this  is  too  narrow  for 
good  commutating  conditions.      A  width  of  20  to  25  per  cent 
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should  be  allowed  for  the  inter-polar  space  even  in  a  converter 
of  normal  design,  and  this  split-pole  type  should  have  a  still 
wider  neutral."  Taking  this  into  consideration,  a  still  further 
decrease  in  capacity  will  result  unless  the  designer  is  willing  to 
take  considerable  risk  with  the  commutation. 

While  it  is  probable  that  Mr.  Woodbridge's  suggested  pole 
arrangement  of  Fig.  17  can  be  considerably  bettered  so  far  as 
capacity  is  concerned,  the  output  that  can  be  obtained  from  a 
given  amount  of  material  will  always  be  much  less  in  a  split- 
pole  converter  than  in  one  of  normal  design.  The  cost  of  ob- 
taining a  given  voltage  variation  by  this  means  is  at  best  probably 
as  great  or  greater  than  that  of  obtaining  the  same  effect  in 
other  ways. 

Efficiency  and  heating.  In  addition  to  the  split-pole  converter 
requiring  considerably  more  active  iron  in  its  armature,  this 
iron  is  carried  through  a  flux  cycle  which  introduces  much  greater 
losses  than  in  the  case  of  a  converter  of  normal  des'gn.  For 
instance,  in  Fig.  11,  of  Mr.  Woodbridge's  paper,  the  introduc- 
tion of  the  notch  in  the  field  form  not  only  increases  the  amount 
•of  iron  in  the  teeth  by  about  33  per  cent,  but  also  increases  the 
losses  that  take  place  in  this  iron  by  about  15  per  cent.  The 
total  iron  losses  including  the  body  of  the  armature  as  well  as 
the  teeth  at  the  maximum  voltage  are  increased  by  about 
36  per  cent,  to  50  per  cent,  over  those  of  a  normal  design. 

With  a  two-part  pole  design  as  shown  in  Fig.  17,  of  Mr.  Wood- 
bridge's  paper,  the  iron  losses  will  be  increased  about  15  per  cent, 
at  maximum  voltage  and  about  35  per  cent,  at  minimum  voltage. 
This  coupled  with  the  fact  that  this  design  requires  about  20 
per  cent,  additional  material  increases  the  total  iron  losses  in 
such  a  machine  from  40  per  cent,  to  60  per  cent.  The  field 
copper  losses  will  be  increased  on  account  of  the  doubled  or 
trebled  number  of  fields  to  be  magnetized.  Armature  copper 
loss  will  be  increased,  first,  because  the  machine  will  be  larger 
and,  second,  because  of  the  circulation  of  the  higher  har- 
monic currents. 

It  is  evident  that  the  best  efficiencies  that  can  be  obtained 
from  such  a  machine  will  be  as  low,  and  probably  lower  than 
the  alternative  method  of  obtaining  voltage  variation — by 
means  of  a  separate  S5mchronous  booster  mounted  on  the 
same  shaft  as  a  normally  designed  converter. 

Commutation.  So  far  as  commutation  is  concerned,  the  design 
of  the  three-part  pole  .machine  should  not  introduce  any  par- 
ticular difficulties  or  problems,  provided  the  notch  between  the 
poles  is  not  made  too  small.  The  field  strengths  adjacent  to 
the  brushes,  although  variable,  are  always  equal  and  opposite, 
so  that  the  point  at  which  commutation  takes  place  is  not  sub- 
jected to  a  variable  field.  This  cannot  be  said  of  the  two-part 
pole  machine.  Refer  to  Fior.  17^  for  instance,  of  Mr.  Woodbridge's 
paper,  and  note  that  the  brushes  are  set  at  points  A 
and  D.     The  small  field  M.  P.  is  assumed  to  vary  from  a  magni- 
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tude  equal  to  field  G.  H.  in  the  positive  direction  to  the  same 
magnitude  in  the  negative  direction.  As  this  variation  occurs 
it  is  very  evident  that  the  field  strength  at  the  points  A  and  D 
must  vary,  since  at  the  one  extreme  the  adjacent  fields  are 
equal  and  opposite,  and  at  the  other,  equal  and  the  same.  If, 
therefore,  proper  commutating  conditions  are  secured  at  one 
extreme,  it  will  be  necessary  to  sacrifice  commutating  con- 
ditions at  the  other  extreme.  It  is  true  that  the  field  at  the 
point  of  comimutation  can  be  made  to  act  in  a  direction  to  assist 
commutation.  But  it  is  impossible  to  take  advantage  of  this 
feature,  since  in  this  case  we  would  have  a  condition  very  similar 
to  that  of  a  commutating-pole  generator  the  strength  of  whose 
commutating  pole  varies  from  full  value  to  zero,  depending  upon 
conditions  totally  independent  of  the  current  to  be  commutated. 
It  is  evident  that  under  these  conditions  the  field  at  the  com- 
mutating point  is  a  hindrance,  not  a  help,  to  commutation. 

Resonance,  In  long-distance  transmission  systems,  or  sys- 
tems wherein  considerable  amotmts  of  high-tension  cable  are 
used,  there  is  of  course,  always  a  considerable  amount  of  ca- 
pacity. This  capacity,  coupled  with  the  reactance  of  trans- 
formers presents  the  possibility  of  resonance  being  set  up 
therein.  Although  the  three-phase  connection  of  a  split-pole 
converter  eliminates  the  third  harmonic  and  all  multiples 
thereof,  Professor  Adams  has  shown  that  all  other  harmonics 
appear  in  the  system  to  exactly  the  same  extent  in  the  120- 
degree  electromotive-force  wave  as  in  the  180-degree  wave. 

It  is  evident,  therefore,  that  such  a  machine,  even  connected 
three-phase,  will  impress  harmonics  upon  the  outside  circuits^ 
which  will  vary  both  in  order  and  in  magnitude.  That  at  some 
point  in  the  voltage  range  a  condition  of  resonance  will  occur 
is  certainly  not  without  the  bounds  of  possibility.  This  is  par- 
ticularly true  with  the  two-part-pole  converter,  since,  as  pointed 
out  above,  it  is  impossible  with  this  type  to  eliminate  the  higher 
harmonics. 

Noise.  Not  all  of  the  causes  for  noisy  electrical  machines  are 
known.  Some  of  them,  however,  have  been  determined  and 
one  of  the  most  important  is  the  sudden  transition  of  armature 
teeth  from  one  magnetic  density  to  another.  The  fact  that  a 
relatively  small  number  of  armature  teeth  are  at  a  given  mag- 
netic density  at  once  is  another  contributing  cause.  Evidently 
both  of  these  causes  enter  to  make  the  designing  of  a  noiseless 
split-pole  converter  difficult,  whether  it  be  of  the  three-part- 
or  the  two-part-pole  type.  In  order  to  obtain  a  design  to  give 
noiseless  operation,  it  may  often  be  necessary  to  make  a  con- 
siderable additional  sacrifice  in  capacity. 

Rapidity  of  voltage  change.  In  the  application  of  storage 
batteries  to  what  Mr.  Woodbridge  calls  the  **  regulation  '*  of 
alternating- current  systems;  or,  in  other  words,  to  assuming 
load  fluctuations  that  would  otherwise  fall  on  the  generating 
plant,  ability  to  change  the  voltage  of  a  rotary  rapidly  is  highly 
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essential,  since  rapidity  in  voltage  change  means  rapidity  on 
the  part  of  the  storage  battery  in  assuming  the  fluctuations  of 
load. 

In  order  to  change  the  voltage  of  either  a  split-pole  converter 
or  a  normal  converter  equipped  with  a  separate  synchronous 
booster  (similar  to  Fig.  5,  Mr.  Woodbridge's  paper)  it  is  necessary 
to  cause  a  certain  amount  of  change  in  the  field  flux,  in  the  first 
case  of  the  main  converter  poles,  and  in  the  second  case  of  the 
booster  poles.  Professor  Adams  has  pointed  out  that'  the 
amount  of  field  flux  necessary  to  produce  a  given  voltage  change 
in  the  split-pole  machine  is  approximately  in  proportion  to  the 
harmonic  introduced  into  the  converter  in  order  to  produce  that 
voltage  change.  Thus  the  total  flux  change  necessary  to  pro- 
duce a  given  voltage  change  is  three  times  greater  when  that 
voltage  change  is  caused  by  superposing  a  third  harmonic  than 
if  caused  by  changing  the  fundamental,  five  times  greater  if 
caused  by  a  fifth  harmonic,  etc.  The  creation,  or  the  changing, 
of  location  of  magnetic  fluxes  requires  energy  in  proportion  to  the 
volume  of  flux  created  or  changed.  With  a  given  force  acting 
to  produce  flux  changes  it  is  evident,  therefore,  that  the  rapidity 
of  voltage  change  is  at  least  three  times  greater  when  acting 
upon  the  fundamental  frequency  (as  is  the  case  in  a  converter 
with  synchronous  booster)  than  when  acting  through  the  agency 
of  a  third  or  higher  harmonic  (as  is  the  case  with  the  split-pole 
converter).  In  this  particular,  therefore,  the  split-pole  . con- 
vertet  is  at  considerable  disadvantage  when  compared  with  the 
alternative  of  a  normal  converter  equipped  with  a  synchronous 
booster. 

Another  important  advantage  accruing  to  the  separate  booster 
arrangement  in  point  of  rapidity  of  voltage  change,  is  that  the 
flux  upon  which  the  regulator  must  operate  in  order  to  change  the 
voltage  of  the  booster  field  may  be  left  unhampered  with  dampers. 
In  order  to  insure  proper  operation,  the  main  rotary  fields,  no 
matter  whether  split  pole  or  otherwise*,  should  be  equipped  with 
relatively  heavy  dampers. 

In  the  case  of  the  split-pole  machine  the  regulator,  of  what- 
ever kind,  must  cause  magnetic  fluxes  to  change  their  positions 
and  magnitudes  in  spite  of  the  enveloping  damper.  In  the 
separate  booster  machine  the  omission  of  dampers  from  the 
booster  fields,  while  it  does  not  interfere  with  the  running  charac- 
teristics, gives  the  regulator  an  opportunity  of  operating  upon 
a  magnetic  flux  not  enveloped  by  a  damper,  and  this  gives  a 
much  higher  rapidity  of  action.  Just  how  much  this  point  will 
affect  the  relative  speed  of  voltage  changes  is  problematical, 
but  it  is  probable  that  this  effect  will  be  still  greater  than  the 
one  mentioned  in  the  preceding  paragraph,  thus  placing  the 
separate  booster  machine  in  an  entirely  different  class  so  far 
as  the  rapidity  of  voltage  change  is  concerned. 

It  is  on  this  score  of  rapidity  of  action  that  Mr.  Woodbridge 
bases  an  argument  for  the  converter  as  against  the  motor- 
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generator.  He  points  out  that  in  the  motor-generator  set  there 
is  a  lag  between  the  time  when  the  battery  begins  to  discharge 
the  direct-current  machine  and  the  time  when  this  energy  begins 
to  appear  in  the  alternating-current  circuit,  owing  to  the  fact 
that  the  **  lost  motion  ",  so  to  speak,  in  the  motor-generator 
set  must  be  taken  up.  While  this  time  lag  is  theoretically  present, 
it  hardly  deserves  the  term  **  appreciable  "  applied  to  it  by 
Mr.  Woodbridge.  I  have  considered  a  number  of  typical 
motor-generator  sets  and  find  that  the  time  lag  mentioned  by 
Mr.  Woodbridge  is  of  the  order  of  0.001  seconds.  Compared  to 
the  time  required  by  mechanical  movement  on  the  part  of  a 
regulator  and  the  time  required  for  field  flux  changes,  the  above 
time  lag  is  zero.  I  agree  with  Mr.  Woodbridge's  conclusion  that 
a  converter  is  preferable  to  a  motor-generator  for  the  purpose 
described,  but  my  conclusion  is  not  arrived  at  by  the  same 
process  of  reasoning. 

In  conclusion,  it  is  my  opinion,  for  reasons  set  forth  above, 
that  the  split-pole  converter  has  disadvantages  that  far  out- 
weigh its  advantages,  when  compared  with  the  alternate,  a 
normally  developed  converter  with  a  synchronous  booster  of  the 
same  number  of  poles,  mounted  on  the  same  shaft. 

A.  S.  Hubbard:  The  paper  by  Mr.  Woodbridge  is  interesting 
as  outlining  some  of  the  methods  for  compelling  and  controlling 
storage-battery  charge  and  discharge  to  steady  the  load  on 
alternating-current  generators.  These  methods  must  necessarily 
be  mainly  suggested  and  prospective,  because  so  far  as  I  am 
informed,  there  have  been  installed  in  this  country  but  five 
storage-battery  plants  for  the  regulation  of  alternating-current 
loads.  One  of  these  five  plants,  however,  is  not  now  in  opera- 
tion as  an  alternating-current  regulating  plant,  but  was  installed 
for  the  purpose  of  controlling  the  output  from  two  generators 
at  different  voltages,  tied  together  and  to  the  transmission  lines 
by  transformers.  Two  current  coils,  each  taking  current  from 
one  of  the  generators,  actuated  a  single  carbon  regulator  which 
controlled  a  direct-current  booster  in  the  battery  circuit.  The 
regulation  of  this  plant  was  very  erratic,  being  only  within  about 
33  per  cent.;  that  is,  the  load  on  the  generators  varies  from 
33  per  cent,  above  to  33  per  cent,  below  the  average. 

The  single-phase  plant  mentioned  by  Mr.  Woodbridge,  al- 
though included  in  the  five,  cannot  be  taken  as  a  fair  example 
of  alternating-current  load  regulation,  except  for  isolated, 
special  cases,  such  as  the  plant  of  the  Spokane  and  Inland 
Railway,  where  frequency  or  phase-changing  is  necessary.  The 
regulation  of  this  plant  is  effected  by  a  single  coil  regulator 
actuated  by  current  variations.  As  this  coil  is  installed  in  the 
circuit  leading  to  the  induction  motor,  its  current  will  be  pro- 
portional to  the  current  supplied  to  the  motor,  which  current 
is  affected  by  the  line  voltage,  load,  and  frequency.  Though 
I  believe  this  plant  to  be  successful,  owing  to  peculiar  local 
conditions,  I  think  Mr.  Woodbridge  will  agree  that  in  general, 
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definite,  close  regulation  cannot  be  obtained  with  current  regu- 
lation, except  where  there  are  no  power-factor  changes,  or  where 
the  power-factor  changes  with  load  in  a  definite  way;  that  is  to 
say.  that  successful  current  regulation  has  been  and  will  be  the 
exception  rather  than  the  rule.  That  certainly  is  the  conclu- 
sion I  came  to  after  considerable  experimenting,  as  a  restdt  of 
which  I  devised  and  put  in  operation  regulation  by  cur- 
rent times  power-factor  in  a  plant  where  regulation  by  current 
alone  had  been  a  failure. 

The  third  plant  includes  a  two  coil  regulator,  of  the  dyna- 
mometer type.  With  this  type  of  regulator  the  battery  may  be 
compelled  to  charge  and  discharge  in  response  to  variations  of 
the  true  energy;  that  is,  account  can  be  taken  of  current,  voltage, 
and  power-factor  variations.  I  have  no  information  as  to  the 
completion  of  this  plant,  but  the  regulation  obtained  some 
months  ago  was  but  25  per  cent;  that  is.  the  watt  load  varied 
from  25  per  cent  below  to  25  per  cent  above  the  average,  with 
considerably  smaller  charges  and  discharges  than  the  size  of 
battery  would  seem  to  warrant.  As  a  carbon  regulator  with  the 
usual  retarding  spring  is  used  at  this  plant  the  lower  the  average 
load  the  worse  the  regulation. 

The  fourth  plant  has  been  in  operation  continuously  for 
something  over  two  years,  except  for  slight  delays  due  to  the 
grounding  of  the  series  transformers  on  two  occasions  by 
lightning.  Water  power  is  here  used  to  generate  13,20d- 
volt,  three-phase,  25-cycle  alternating  current.  This  is  all 
transmitted  approximately  five  miles  to  a  sub-station,  where 
a  portion  of  the  power  is  transformed  and  converted  and 
used  for  direct-current  railway  work  and  alternating-current 
lighting.  The  rest  of  the  power  is  used  at  other  sub-stations, 
one  being  located  12  miles  away.  The  common  sub-station 
contains  two  converters,  150  kw.  each,  a  frequency  changer, 
and  a  280-cell,  400-ampere,  one-hour  battery,  with  its  booster 
and  regulating  apparatus.  The  regulation  at  this  plant  is  in 
accordance  with  variations  of  amperes  times  power-factor  and 
is  accomplished  as  follows: 

In  the  incoming  high-tension  lines,  three  current  transformers 
are  installed,  with  their  secondaries  connected  to  a  second  set  of 
three  current  transformers  located  back  of  the  switchboard  and 
provided  with  sectional  secondaries  connected  to  a  compensator 
head.  From  the  compensator  head,  the  current  is  led  to  the 
collector  rings  of  the  rectifier.  The  rectifier  consists  of  a  num- 
ber of  discs  of  armature  steel  perforated  near  their  edges  and 
mounted  on  a  shaft.  A  bipolar  binding  is  threaded  through 
the  holes  and  connected  at  one  end  at  points  120  degrees  apart 
to  the  collector  rings  and  at  the  other  end  to  a  commutator. 
The  rectifier  is  connected  to  and  driven  by  a  bipolar  synchronous 
motor  built  with  special  reference  to  minimum  hunting. 

The  alternating  currents  from  the  series  transformers  produce 
a  rotary  field  in  the  rectifier,  which  latter  is  mechanically  ro- 
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tated  at  the  same  speed,  but  in  the  opposite  direction,  by  the 
synchronous  motor.  As  the  synchronous  motor  armature  turns 
in  synchronism  with  the  voltage  of  the  sj^tem,  and  the  rotary 
field  in  synchronism  with  the  current,  there  is  produced  in  space 
a  field  whose  position  is  stationary  so  long  as  the  power-factor 
remains  unchanged.  A  change  in  current  without  a  change  in 
power-factor  merely  increases  the  magnitude  of  the  field,  but 
does  not  change  its  position. 

A  single  pair  of  brushes,  a,  arranged  diametrically  opposite 
and  beanng  on  the  commutator  at  points  of  maximum  voltage, 
when  the  power  generated  is  at  100  per  cent  power-factor,  will 
give  a  direct  current  which  will  vary  in  accordance  with  varia- 
tions of  the  alternating  current  transmitted,  independent  of 
change  of  power-factor  within  very  wide  limits,  because  the  cur- 
rent transformers  feeding  -the  rectifier  tend  to  preserve  their 
current  transformation  ratio  irrespective  of  changes  in  resistance 
of  their  secondary  circuits.  And  while  the  position  of  the  field 
changes,  the  voltage  on  the  commutator  of  the  rectifier 
also  changes  and  rises  until  of  sufficient  value  to  deliver  a  direct 
current  over  the  circuit  connecting  the  a  brushes,  equal  to  the 
transformation  ratio  value  of  the  current  transformers.  When, 
however,  as  is  the  case  at  the  plant  in  question,  a  second  set  of 
brushes,  6,  is  used  on  the  commutator  at  90  electrical  degrees 
from  the  others  and  connected  to  a  circuit  having  resistance  and 
inductance  characteristics  corresponding  to  the  characteristics 
of  the  circuit  connected  to  the  other  brushes,  a  by-pass  is  pro- 
vided and  two  direct  currents  are  obtained,  one  of  which,  a', 
varies  as  the  energy  current  component  and  the  other,  6'  as  the 
wattless  current  component  of  the  current  in  the  alternating 
current  line,  a'  is  used  to  regulate  the  battery  charge  and  dis- 
charge, and  6'  can  be  used  to  correct  the  power-factor  by  chang- 
ing the  excitation  of  a  sjmchronous  motor  or  a  synchronous 
converter.  The  direction  of  b'  is  in  one  direction  for  lead  and 
in  the  other  direction  for  lag.  The  watt  regulation  at  this  plant 
is  3-5  per  cent;  that  is,  the  kilowatt  load  on  the  generators  varies 
only  3.5  per  cent  from  any  average. 

The  load  regulation  is  so  good  that  the  voltage  is  constant, 
and  the  Tirrell  regulator  formerly  used  at  the  power  house  has 
been  taken  out  and  used  on  the  lighting  circuit  supplied  from 
the  induction-motor-driven  frequency-changer.  The  3.5  per 
cent  regulation  is  obtained  with  battery  charges  up  to  the  one 
hour  rate  and  with  discharges  of  two  and  one  half  times  the 
one-hour  rate  and  with  booster  voltages  up  to  140  volts. 

The  sectional  series  transformers  and  the  compensator  head 
are  provided  to  enable  the  energy  load  to  be  changed  at  will, 
during  operation,  from  about  50  kw.  to  1000  kw.  The  regula- 
tion is  3.5  per  cent,  of  any  value  between  these  limits. 

Safety  devices  are  provided  so  that  if  the  synchronous  motor 
goes  out  of  step,  or  a  short-circuit  comes  on  the  lines,  the  series 
transformers  are  automatically  short-circuited  and  the  regulation 
••  killed." 
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It  will  be  noted  that  variations  of  output  from  this  rectifier 
do  not  affect  the  load  on  the  synchronous  motor  driving  it,  nor 
has  the  rectifier  any  motor  action,  both  very  important  points. 

The  fifth  plant  is  a  60-cycle,  2300-volt,  three-phase  system, 
a  turbine  being  used  ordinarily  for  the  generation  of  power. 
The  regulating  equipment  of  this  plant  is  of  the  same  type 
as  that  previously  described,  except  that  the  apparatus  is  de- 
signed for  60  cycles.  The  rectifier  and  its  synchronous  motor 
have  six  poles,  and  but  one  series  transformer  is  used  in  one 
phase.  The  regulation  obtained  here  is  4  per  cent  of  any 
average,  the  usual  average  being  800  kw.  The  variation  is  but 
32  kw.  In  this  plant  also,  the  load  is  kept  so  steady  that  it  is 
not  necessary  to  operate  the  Tirrell  regulator  for  voltage  regula- 
tion, even  though  a  portion  of  the  output  is  used  for  lighting. 
This  plant  has  been  in  operation  for  about  six  months. 

While  the  multiplying  features  mentioned  by  Mr.  Woodbridge 
are  present  in  the  rectifiers  of  the  fourth  and  fifth  plants  here 
described,  as  well  as  in  that  described  by  him,  this  multiplica- 
tion is  not  due  so  much  to  any  shift  of  field  or  current  in  the  by- 
pass circuit  as  it  is  to  an  inherent  characteristic  of  the  rectifier 
fed  by  series  transformers,  and  can  be  made  of  any  desired  value 
within  wide  limits  by  proper  design.  The  direct-current  output 
from  these  rectifiers  is  about  40  watts  (10  volts  and  4  amperes) 
the  direct  current  from  the  a  brushes  varying  from  about  2.75 
amperes  to  about  5.5  amperes  for  an  energy  change  on  the  line  of 
only  3.5  per  cent  plus  or  minus.  By  changing  the  relation  between 
the  characteristics  of  the  a  and  b  circuits,  various  effects  and  any 
desired  combination  of  currents  and  of  energy  regulation  can  be 
obtained.  But  one  of  these  rectifiers  is  required  for  both  load 
regulation  and  power-factor  correction,  the  a  circuit  controlling 
the  load  regulation,  and  the  b  circuit  the  power-factor. 

The  dynamometer  control  is  an  electromechanical  device 
that  has  no  pronounced  inertia;  in  my  opinion  it  is  not  so  good 
as  the  rectifier  control  of  plants,  with  water  wheels,  steam  tur- 
bines, or  gas  engines  as  prime  movers. 

The  question  as  to  what  type  of  apparatus  to  use  for  the  con- 
necting link  for  the  transfer  of  energy  between  the  alternating- 
current  and  the  direct-current  circuits,  is  one  in  which  enters  the 
efficiency  of  the  apparatus  and  the  magnitude  and  direction  of 
the  loads  to  be  transferred.  If  an  alternating-current  booster 
is  used,  in  most  cases  this  belongs  to  the  high-tension  side. 

The  split-pole  converter  is  undoubtedly  a  distinct  contribution 
to  alternating-current  distribution,  although  the  changing  shape 
of  the  voltage  wave  of  this  machine  as  its  alternating-current 
direct-current  ratio  is  changed,  may  seriously  affect  the  operation 
of  the  small  synchronous  motor  proposed  for  driving  the  rectifier 
at  the  Gary  plant.  My  experience  is,  that  to  insure  stability 
and  absence  of  hunting  in  a  synchronous  motor,  the  wave  shape 
of  this  motor  must  correspond  to  the  wave  shape  of  the  nearest 
preponderating  synchronous  machine. 
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W.  L.  Waters:  Messrs.  Adams  and  Woodbridge  have  worked 
out  in  an  interesting  way  the  mathematical  theory  of  the  split- 
pole  converter.  In  working  out  any  such  problem  mathe- 
matically it  is  necessary  to  make  a  number  of  assumptions  in 
order  to  simplify  the  problem.  Both  Messrs.  Adams  and 
Woodbridge  show  that  it  is  mathematically  possible  by  means 
of  a  split-pole  converter  to  obtain  a  considerable  voltage  varia- 
tion without  introducing  serious  distortion  of  wave  form,  or 
any  great  number  of  higher  harmonics  into  the  wave  form  of 
the  converter.  It  is  then  simply  a  question  as  to  whether 
these  mathematical  deductions  are  borne  out  in  practice. 

The  statement  that  any  particular  harmonic  can  be  entirely 
eliminated  by  suitably  choosing  the  angle  between  the  various 
taps  on  the  armature  and  the  pitch  of  the  winding  may  be  mathe- 
matically correct,  but  I  doubt  very  much  whether  this  will  be 
found  true  in  practice.  The  fact  that  the  poles  are  not  all 
exactly  equal,  and  that  consequently  there  are  local  circulating 
currents  in  any  multiple-circuit  converter  armature  is  neglected ; 
as  is  also  the  fact  that  there  is  a  certain  amount  of  electrostatic 
capacity  between  different  parts  of  the  armature  winding  and 
the  frame,  which  causes  local  higher  harmonics  circulating  cur- 
rents and  a  tendency  for  the  higher  harmonics  to  reappear  in 
the  voltage  wave  form.  There  are  a  number  of  similar  assump- 
tions that  are  necessarily  made  in  any  mathematical  treat- 
ment, but  the  extent  to  which  they  will  modify  the  wave  form 
obtained  under  actual  operating  conditions  and  under  the 
special  conditions  which  at  times  occur  in  an  operating  power 
circuit,  is  a  matter  of  actual  experience. 

Mr.  Lincoln  has  cited  a  number  of  features  in  which  this 
split-pole  is  inferior  to  the  standard  converter:  its  increased  size ; 
increased  core  loss;  increased  field  copper  loss;  increased  arma- 
ture heating,  due  to  the  fact  that  the  alternating  and  direct 
currents  do  not  properly  neutralize  each  other  with  the  vary- 
ing voltage  ratio;  and  also  that  on  such  a  converter  provided 
with  dampers  the  voltage  control  will  be  extremely  slow-acting 
compared  with  the  standard  alternating-  or  direct-current 
booster.  I  think,  however,  that  Mr.  Lincoln  has  not  suffi- 
ciently emphasized  the  comparatively  poor  commutation  of 
these  converters  under  general  operating  conditions  of  the  power 
circuit. 

If  there  is  any  disturbance  on  the  system  causing  hunting 
and  sudden  change  in  voltage  or  speed  of  the  converter,  there 
will  be  local  equalizing  currents  flowing  through  the  armature 
conductors,  and  the  rotating  field  of  the  armature  will  fluctuate 
rapidly  both  in  magnitude  and  in  position.  Similar  fluctuating 
fields  will  be  induced  by  currents  in  the  dampers  in  the  pole- 
faces,  with  the  result  that  the  distribution  of  magnetism  on  the 
pole-face  will  fluctuate  and  in  consequence  the  voltage  ratio  and 
the  terminal  voltage  will  fluctuate.  This  will  make  the  loads  on 
the  converter  and  its  voltage  and  current  fluctuate,  and  will 


Digitized  by  VjOOQIC 


1034  SPUT'POLE  CONVERTERS  [July  1 

greatly  increase  the  tendency  of  the  machine  to  hunt.  If  the 
converter  is  running  in  parallel  with  a  battery,  this  fluctuation 
in  voltage  will  probably  be  disastrous.  It  is  also  practically 
certain  that  unless  such  a  converter  is  designed  with  extremely 
large  interpolar  gap  and  neutral  point  (thus  necessitating  a  large 
machine)  it  will  be  very  much  more  sensitive  in  regard  to 
commutation  than  the  standard  converter,  this  sensitiveness 
being  due  to  the  inequalities  in  the  distribution  of  magnetism 
at  the  pole-tips  and  to  the  fact  that  this  distribution  varies 
from  time  to  time. 

It  is  not  easy  to  see  the  advantages  to  be  gained  by  the  adop- 
tion of  this  split-pole  converter  over  a  standard  alternating-  or 
direct-current  booster.  Such  a  booster  combination  is  much 
more  flexible,  quicker  in  acting,  and  introduces  no  distortion  or 
circulating  currents  into  the  system.  The  most  that  can  be 
said  for  the  split-pole  converter  is  that  it  may  possibly  prove 
a  little  cheaper  in  certain  cases,  but  to  offset  this  there  is  the 
introduction  of  higher  harmonics  into  the  system  and  the 
probability  of  commutation  troubles  and  greater  liabilities  of 
hunting.  The  split-pole  converter  at  the  present  time  can  only 
be  considered  as  a  theoretical  proposition.  The  fact  that  it 
operates  well  on  the  test  floor  and  performs  satisfactorily  imder 
favorable  conditions  cannot  be  taken  as  indicating  its  suitability 
for  general  work.  Before  it  is  finally  accepted,  we  must  have 
the  experience  of  two  or  three  years  in  practical  operation  on 
a  power  system,  subject  to  all  the  sudden  variations  and  fluctua- 
tions that  take  place  in  such  a  system. 

Charles  P.  Steinmetz:  The  synchronous  converter  has  been 
with  us  now  in  commercial  use  for  15  years,  and  has  always  been 
considered  as  a  machine  giving  a  constant  ratio  of  conver- 
sion. It  is  very  remarkable,  then,  that  in  the  last  few  years 
we  should  have  found  out  that  this  ratio  can  be  varied  over  a 
wide  range.  To  some  extent  it  is  rather  discouraging  to  the 
engineer  to  find  in  such  a  well-known  machine  a  feature  which 
he  never  thought  of  before.  At  the  same  time  it  is  encouraging 
to  think  that  even  in  such  familiar  apparatus  there  may  be  a 
good  many  latent  valuable  properties. 

Though  I  have  nothing  to  add  to  the  subject-matter  of  the 
two  papers,  I  would  like  to  explain  the  method  of  operation 
in  a  slightly  different  manner,  to  show,  without  the  use  of 
mathematics,  how  the  converter  operates  in  giving  a  variable 
ratio,  and  thereby  incidentally,  I  believe,  also  explain  some 
misconceptions  in  Mr.  Lincoln's  criticism  regarding  commuta- 
tion, output,  and  heating. 

In  a  synchronous  converter,  with  a  sine  wave  of  alternating 
voltage,  and  the  commutator  brushes  set  at  the  magnetic  neu- 
tral; that  is,  at  right  angles  to  the  resultant  magnetic  flux,  the 
direct  voltage  is  constant  at  constant  impressed  alternating 
voltage.  It  equals  the  maximum  value  of  the  alternating 
voltage  between  two  diametrically  opposite  points  of  the  corn- 
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mutator,  or  *'  diametrical  voltage  ",  and  the  diametrical  voltage 
is  twice  the  voltage  between  alternating  lead  and  neutral,  or 
star  voltage  of  the  polyphase  system. 

A  change  of  the  direct  voltage  at  constant  impressed  alter- 
nating voltage  can  be  produced: 

1.  Either  by  changing  the  position  angle  between  the  com- 
mutator brushes  and  the  resultant  magnetic  flux,  so  that  the 
direct  voltage  between  the  brushes  is  not  the  maximum  dia- 
metrical alternating  voltage,  but  only  a  part  thereof; 

2.  Or  by  changing  the  maximum  diametrical  alternating 
voltage  at  constant  eflfective  impressed  voltage,  by  wave  shape 
distortion  by  the  superposition  of  higher  harmonics. 

In  the  former  case,  only  a  reduction  of  the  direct  voltage 
below  the  normal  value  can  be  produced;  in  the  latter  case,  an 
increase  as  well  as  a  reduction  can  be  produced.  An  increase 
can  be  produced  if  the  higher  harmonics  are  in  phase;  and  a 
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reduction,  if  the  higher  harmonics  are  in  opposition  to  the  funda- 
mental wave  of  the  diametrical  or  star  voltage. 

A.  Variable  ratio  by  a  change  of  the  position  angle  between 
commutator  brushes  and  resultant  magnetic  flux.  In  the  com- 
mutating  machine  shown  diametrically  in  Fig.  1,  let  the  poten- 
tial difference,  or  alternating  voltage,  between  one  point  a  of 
the  armature  winding  and  the  neutral  0;  that  is,  the  star  voltage, 
or  half  the  diametrical  voltage,  be  represented  by  the  sine  wave, 
Fig.  3.  This  potential  difference  is  a  maximum,  e,  when  a 
stands  at  the  magnetic  neutral,  at  A  or  B. 

If,  therefore,  the  brushes  are  located  at  the  magnetic  neutral, 
A  or  B,  the  voltage  between  the  brushes  is  the  potential  dif- 
ference between  A  and  S,  or  twice  the  maximum  star  voltage,  2e, 
as  indicated  in  Fig.  3.  If  now  the  brushes  are  shifted  by  an 
angle  t,  to  position  C  and  2),  Fig.  2,  the  direct  voltage  between 
the  brushes  is  the  potential  difference  between  C  and  Z>,  or  2e 
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cos  T  with  a  sine  wave.  Thus,  by  shifting  the  brushes  from 
the  position  A ,  B,  at  right  angles  with  the  magnetic  flux,  to  the 
position  £,  F,  in  line  with  the  magnetic  flux,  any  direct  voltage 
between  2e  and  O  can  be  produced  with  the  same  wave  of 
alternating  voltage  a. 

As  seen,  this  variation  of  direct  voltage  between  its  maximum 
value  and  zero,  at  constant  impressed  alternating  voltage,  is 
independent  of  the  wave  shape,  and  can,  therefore,  be  produced 
whether  the  alternating  voltage  is  a  sine  wave  or  any  other 
wave. 

Instead  of  shifting  the  brushes  on  the  commutator,  with  fixed 
position  of  the  commutator  brushes,  the  magnetic  field  poles 
may  be  shifted  in  the  opposite  direction,  by  the  same  angle,  as 
shown  in  Fig.  4,  A,  S,  C. 

Instead  of  mechanically  shifting  the  field  poles,  they  can  be 
shifted  electrically,  by  having  each  field  pole  consist  of  a  number 


of  sections,  and  successively  reversing  the  polarity  of  these 
sections,  as  shown  in  Fig.  by  A,  B,  C,  D. 

Instead  of  a  large  number  of  field-pole  sections,  two  sec- 
tions are  obviously  sufficient,  and  the  same  gradual  change 
can  be  brought  about,  by  not  merely  reversing  the  sections,  but 
by  reducing  the  excitation  to  zero  and  bringing  it  up  again  in 
the  opposite  direction  as  shown  in  Fig.  6,  .4,  B,  C,  D,  E.  In  this 
case,  when  reducing  one  section  the  other  section  must  be  in- 
creased by  approximately  the  same  amount  to  maintain  the 
same  alternating  voltage. 

In  changing  the  direct  voltage  by  mechanically  shifting  the 
brushes  past  the  field  poles,  as  soon  as  the  brushes  come  under 
the  field-pole  faces  self-inductive  sparking  on  the  commutator 
results,  if  the  iron  of  the  field  poles  is  not  kept  away  from 
the  brush  position  by  having  a  slot  in  the  field  poles,  as  indicated 
in  the  dotted  line  in  Fig.  2,  and  Fig.  4J5.  With  the  arrangement 
in  Figs.  2  and  4,  this  is  not  feasible  mechanically,  and  these 
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arrangements  are  therefore  unsuitable.  It  is  feasible,  however, 
in  the  arrangements  shown  in  Figs.  5  and  6;  that  is,  when  shifting 
the  resultant  magnetic  flux  electrically,  to  leave  a  commutating 
space  between  the  polar  projections  of  the  field  at  the  brushes, 
as  shown  in  Fig.  6,  and  thus  obtain  as  good  commutation  as  in 
any  other  commutating  machine. 

Such  a  variable-ratio  converter,  then,  comprises  an  armature 
with  the  brushes  in  fixed  position,  and  field  poles  separated  by 
interpolar  spaces  of  such  width  as  required  for  commutation. 
Each  field  pole  consists  of  two  parts,  usually  of  different  size, 
separated  by  a  narrow  space,  and  provided  with  independent 
windings.  By  varying  the  relative  excitation  of  the  two  polar 
sections,  an  effective  shift  of  the  resultant  field  flux,  and  a  cor- 
responding change  of  the  direct  voltage,  is  produced. 


Flg.4 


As  this  method  of  voltage  variation  does  not  depend  upon  the 
wave  shape,  by  proper  designing  of  the  field  pole  faces  and  the 
pitch  of  the  armature  winding,  the  alternating  voltage  wave  can 
be  made  as  near  a  sine  wave  as  desired.  Experience  shows, 
however,  that  the  usual  distributed  winding  of  the  commutating 
machine  produces  a  sufficiently  close  approach  to  sine  shape. 

B,  Variable  ratio  by  change  €ff  wave  shape  of  the  star  voltage. 
If  in  the  converter  shown  diagrammatically  in  Fig.  7  the  mag- 
netic flux  disposition  and  the  pitch  of  the  armature  winding  is 
such  that  the  potential  difference  between  the  point  a  of  the 
armature  and  the  neutral  0,  or  the  star  voltage,  is  a  sine  wave. 
Fig.  8^4,  then  the  voltage  ratio  is  normal.  Let  us  assume,  how- 
ever, that  the  voltage  curve  differs  from  sine  shape  by  the  super- 
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position  of  some  higher  harmonics — the  third  harmonic  in  Fig.  8, 
B  and  C,  or  the  fifth  harmonic  in  Fig.  8,  D  and  E.  If,  then, 
these  higher  harmonics  are  in  phase  with  the  fundamental,  as 
in  Fig.  8,  B  and  D,  they  increase  the  maximum  of  the  alternating 
voltage,  and  thereby  the  direct  voltage;  if  these  harmonics  are 
in  opposition  with  the  fundamental,  as  in  Fig.  8,  C  and  £,  they 
decrease  the  maximum  alternating  voltage  and  thereby  the 
direct  voltage,  without  appreciably  changing  the  effective  value 
of  the  alternating  voltage.  For  instance,  a  higher  harmonic 
of  30  per  cent  of  the  fundamental,  increases  or  decreases  the 
direct  voltage  by  30  per  cent,  but  varies  the  effective  alternating 
voltage  only  by  \/  1  —  0.3'  =  1.044,  or  4.4  per  cent. 
The  superposition  of  higher  harmonics  thus  offers  a  means  of 


increasing,  as  well  as  decreasing  the  direct  voltage,  at  constant 
alternating  voltage  and  without  shift  of  the  angle  between  brush 
position  and  resultant  magnetic  flux. 

As,  however,  the  terminal  voltage  of  the  converter  depends 
not  only  on  the  induced  electromotive  force  of  the  con- 
verter, but  also  on  that  of  the  generator,  and  is  a  resultant  of 
the  two  electromotive  forces  in  approximately  inverse  pro- 
portion of  the  impedances  from^the  converter  terminals  to  the 
two  respective  induced  electromotive  forces ;  only  such  higher 
harmonics  can  be  used  for  varying  the  converter  ratio,  which 
may  exist  in  the  star  voltage,  without  appearing  in  the 
converter  terminal  voltage. 

In  general,  in  an  n  phase  system  an  «th  harmonic  existing  in 
the  star  voltage  does  not  appear  in  the  ring  or  delta  voltage,  as 
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the  ring  voltage  is  the  combination  of  two  star  voltages  displaced 

180 
in  phase  by degrees  for  the  fundamental,  and  thus  by  180 

degrees,  or  in  opposition,  for  the  nth  harmonic.  Thus  in  a 
three-phase  system,  the  third  harmonic  may  be  introduced  into 
the  star  voltage  of  the  converter,  as  in  Fig.  8,  B  and  C,  without 
affecting,  or  appearing  in  the  delta  voltage,  and  can,  therefore, 
be  used  for  varying  the  direct  voltage.  The  fifth  harmonic 
can  not  be  used  in  this  way,  but  would  reappear  and  cause  a 
short-circuit  current  in  the  supply  voltage,  hence  should  be 
made  sufficiently  small  to  be  hannless. 

The  third  harmonic  thus  can  be  used  for  varying  the  direct 
voltage  in  the  three-phase  converter  diagrammatically  shown 
in  Fig.  9i4,  and  also  in  the  six-phase  converter  with  double- 
delta  connection,  as  shown  in  Fig.  9B,  or  double  star  connec- 


Pio.  7 

tion  as  shown  in  Fig.  9C,  since  this  consists  of  two  separate 
three-phase  triangles  of  voltage  supply,  neither  of  them  con- 
taining the  third  harmonic.  In  such  a  six-phase  converter 
with  double  star  connection.  Fig.  9C,  the  two  neutrals  must  not 
be  connected  together,  as  the  third  harmonic  voltage  exists 
between  the  neutrals.  In  the  six-phase  converter  with  dia- 
metrical connections,  the  third  harmonic  of  the  star  voltage 
appears  in  the  terminal  voltage,  as  the  diametrical  voltage  is 
twice  the  star  voltage.  In  such  a  converter,  if  the  primaries  of 
the  supply  transformers  are  connected  in  delta  as  in  Fig.  9D, 
the  third  harmonic  is  short-circuited  in  the  primary  voltage 
triangle,  producing  excessive  currents  which  causes  heating  and 
interferes  with  the  voltage  regulation.  This  arrangement  is, 
therefore,  not  permissible. 

If,  however,  the  primaries  are  connected  in  star,  as  in  Fig.  9£, 
and  either  three  separate  single-phase  transformers,  or  a  three- 
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phase  transformer  with  three  independent  magnetic  circuits, 
is  used,  as  in  Fig.  10,  the  triple-frequency  voltages  in  the  primary 
are  in  phase  with  each  other  between  the  line  and  the  neutral, 
and  thus  with  isolated  neutral  cannot  produce  any  current. 
With  a  three-phase  transformer  as  shown  in  Fig.  11;  that  is,  in 
which  the  magnetic  circuit  of  the  third  harmonic  is  open,  triple- 


Fig.8 


frequency  currents  can  flow  in  the  secondary.     This  arrange- 
ment is  therefore  not  satisfactory. 

In  two-phase  converters  higher  harmonics  can  be  used  for 
regulation  only  if  the  transformers  are  connected  in  such  a 
manner  that  the  regulating  harmonic,  which  appears  in  the 
converter  terminal  voltage,  does  not  appear  in  the  transformer 
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terminals;  that  is,  by  a  connection  similar  to  that  in  Pig.  9£ 
and  10. 

As  the  direct  voltage  regulation  of  a  three-phase  or  six-phase 
converter  of  this  type  is  produced  by  the  third  harmonic,  the 
problem  is  to  design  the  magnetic  circuit  of  the  converter  so 
as  to  produce  the  maximum  third  harmonic,  the  minimum  fifth 
and  seventh  harmonic. 


Flg.9 


There  are  thus  two  methods  of  producing  a  variation  of  direct 
voltage  at  constant  alternating  supply  voltage.  We  can  use 
either  the  one,  or  the  other,  or  a  combination  of  both.  Here 
the  question  of  commutation  comes  in.  In  the  converter,  at 
normal  voltage  ratio,  the  alternating  current  and  the  direct 
current  have  a  fixed  ratio,  derived  from  the  voltage  ratio 
by  the  law  of  conservation  of  energy.     At  this  ratio,  we  find 
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that  the  resultant  ampere-tums  of  the  direct-current  output  equals 
the  resultant  ampere-turas  of  the  alteraating-current  input, 
neglecting  losses  and  phase  displacement,  and  is  opposite  thereto. 
The  converter,  at  normal  voltage  ratio,  has  no  armature  reac- 
tion, except  the  small  armature  reaction  due  to  the  energy  cur- 
rent driving  the  armature  round,  and  the  magnetizing  or 
demagnetizing  reaction  of  the  lagging  or  leading  current. 

Assume,  however,  that  the  ratio  is  changed  by  any  one  of  the 
above  described  methods  and  the  direct  voltage  is  lowered  below 
the  value  normally  corresponding  to  the  alternating  voltage; 
the  direct  current  is  raised  beyond  that  value  corresponding 
to  the  alternating  current,  and  there  is  a  resultant  armature 
reaction;  that  is,  part  of  the  direct-current  armature  reaction 
is  not  neutralized  by  the  alternating  current  armature  reaction, 
and  so  a  small  direct-current  armature  reaction  remains. 


Plg.lO 


Plg.U 


By  raising  the  direct  voltage  or  lowering  the  alternating 
voltage,  the  direct-current  armature  reaction  is  less  than  that 
of  the  alternating  current,  and  thus  a  part  of  the  alternating 
current-synchronous  motor  armature  reaction  remains  un- 
compensated. A  variable-ratio  converter,  deviating  from  the 
normal  voltage  ratio,  gives  a  small  armature  reaction,  de- 
pending on  the  deviation  from  the  normal  voltage  ratio,  which 
at  raised  direct  voltage  is  a  synchronous  motor  reaction;  that 
is,  produces  a  commutating  field  and  so  takes  care  of  the  com- 
mutation; but  at  lower  direct-current  voltage  it  is  a  direct- 
current  generator  armature  reaction;  that  is,  tends  to  impair 
the  commutation  by  opposing  the  current  reversal.  The 
armature  reaction  must  therefore  be  taken  care  of. 

In  this  case  of  raising  the  direct  voltage,  the  synchronous 
motor  annature  reaction  commutates,  and  if  it  is  not  stifficient 
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for  the  desired  commutation,  we  may  shift  the  brushes  to  the 
edge  of  the  next  pole.  If  it  should  be  too  high,  we  can  shift  the 
brushes  back  to  the  preceding  pole.  But  if  we  lower  the  voltage, 
we  get  a  generator  reaction,  and  therefore  need  a  commutating 
field.  In  that  case  the  outer  side  of  the  field  poles  is  weakened 
and  the  center  strengthened,  and  just  where  we  need  the  com- 
mutating field  in  the  three- part  converter— because  we  have 
to  take  care  of  a  generator  armature  reaction — the  field  cor- 
ners weaken.  Therefore  this  type  of  converter  is  liable  to 
have  poor  commutation,  when  lowering  the  direct  voltage,  and 
thus  it  is  preferably  not  used  for  this  purpose. 

Consider  now  the  type  where  we  may  shift  the  magnetic  field 
electrically.  It  can  be  shifted  one  way  or  the  other.  If  shifted 
one  way,  it  means  that  there  is  impressed  on  the  brushes  a  part 
of  the  magnetic  field  of  the  main  pole.  If  shifted  the  other 
way  there  is  impressed  a  reverse  field.  In  the  iatter  case,  there 
is  interference  with  commutation ;  in  the  former,  a  commutating 
field  is  produced.  The  shift  of  the  field  for  voltage  regulation 
thus  must  be  designed  in  the  right  direction.  This  commutating 
field  may  be  too  large.  The  type  regulating  by  wave  shape  dis- 
tortion does  not  give  the  required  commutating  field;  the  type 
regulating  by  shifting  the  flux  gives  too  high  a  commutating 
field.  The  problem,  then,  is  to  combine  both  types;  that  is,  to 
use  wave-shape  distortion,  and  in  addition  just  as  much  shifting 
of  the  resultant  flux  as  is  necessary  to  produce  the  commutating 
field  required  for  perfect  commutatiofa.  Hence,  this  variable- 
ratio  converter  by  its  design  permits  perfect  control  of  the 
commutation. 

If  there  are  three  sections  of  the  pole,  the  outside  ones  are 
weakened  and  the  middle  one  is  strengthened,  or  inversely,  for 
regulation  by  wave  shape.  Weakening  but  one  outside  section, 
leaving  the  other  outside  section  the  same  as  the  middle  one, 
gives  a  combination  of  regulation  by  shift  of  flux  and  by  change 
of  wave  shape  in  any  proportion,  depending  on  the  ratio  of  the 
pole  arcs  of  the  sections.  In  this  case,  however,  two  of  the 
sections  can  be  combined  into  one,  and  there  results  a  converter 
with  two  unequal  pole  sections,  as  discussed  in  to-day's  papers. 
This  is  why  in  these  converters  there  is  used  a  two-part  split- 
pole  of  arcs  in  the  proportion  roughly  of  one  to  two. 

This  disposes  of  the  question  of  commutation.  The  next 
question  is  that  of  output.  There  is  no  doubt  that  if  such  a 
machine  of  1000  kw.  is  designed  to  give  any  voltage  from  200 
to  300,  it  will  be  larger  than  an  ordinary  1000-kw.  machine  of  con- 
stant voltage,  as  it  must  be  built  to  produce  300  volts,  and  to 
carry  current  giving  the  output  at  200  volts.  This  is  an  in- 
herent feature  of  all  apparatus  designed  for  a  range  of  voltage, 
whether  this  range  is  produced  as  described  above,  or  by  phase 
control,  or  by  a  sjmchronous  generator  on  the  converter  shaft, 
or  in  any  other  way. 

Prom  what  I  have  said  regarding  armature  reaction,  the 
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heating  can  be  understood.  At  normal  voltage  ratio,  the  direct 
current  and  alternating  current  neutralize  each  other;  when 
raising  or  lowering  the  voltage,  this  slightly  modifies  the  re- 
sultant current,  and  also  the  heating.  Without  any  further 
discussion  thereof,  it  may,  however,  easily  be  seen  that  in  any  case 
the  armature  reaction  and  the  excess  of  direct  current  over 
alternating  current  can  never  be  the  same  as  in  the  direct-current 
generator,  and  the  heating  thus  must  remain  essentially  less 
than  in  the  direct-current  generator,  and  nearer  to  that  of  the 
standard  converter. 

Charles  P.  Steinmetz  (by  letter):  Armature  reaction  and 
commutation  of  variable  ratio  converter.  With  the  brushes  in 
quadrature  position  to  the  resultant  magnetic  flux,  and  at 
normal  voltage  ratio,  the  direct-current  generator  armature 
reaction  of  the  converter  equals  the  synchronous-motor  arma- 
ture reaction  of.  the  alternating  energy  current;  thus  at  unity 
power-factor  the  converter  has  no  resultant  armature  reaction, 
while  with  a  lagging  or  leading  current  it  has  the  magnetizing 
or  demagnetizing  reaction  of  the  wattless  component  of  current. 

A,  In  SL  variable  ratio  converter  of  type  /I,  if  by  a  shift  of  the 
resultant  flux  from  quadrature  position  with  the  brushes,  by 
angle  t,  the  direct  voltage  is  reduced  by  factor  cos  t,  the  direct 
current  and  therewith  the  direct-current  armature  reaction  are 

increased,  by  factor ,  as  by  the  law  of  conservation  of  energy 

•^  cos  T  "^ 

the  direct-current  outpirt  must  equal    the   alternating-current 

input  (neglecting  losses).     The  direct-current  armature  reaction 

F  therefore  ceases  to  be  equal  to  the  armature  reaction  of    the 

alternating  energy  current,  F^,  but  is  greater  by  factor 


F  = 


COST 


The  alternating-current  armature  reaction,  Fq,  at  no  phase 
displacement  is  in  quadrature  position  with  the  magnetic  flux. 
The  direct-current  armature  reaction,  F,  however,  appears 
in  the  position  of  the  brushes,  or  shifted  against  the  quadrature 
position  by  angle  t;  that  is,  the  direct-current  armature  reac- 
tion is  not  in  opposition  to  the  alternating-current  armature 
reaction,  but  differs  therefrom  by  angle  t,  and  can  therefore  be 
resolved  into  two  components : 

A  component  in  opposition  to  the  alternating-current  arma- 
ture reaction,  F^;  that  is,  in  quadrature  position  with  the  re- 
sultant magnetic  flux: 

F*  =  F  COST  =  —  F^,; 

that  is,  equal  and  opposite  to  the  alternating-current  armature 
reaction  and  neutralizing  it  and : 
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A  component  in  quadrature  position  with  the  alternating- 
current  armature  reaction,  F^,  or  in  phase  with  the  resultant 
magnetic  flux;  that  is,  magnetizing  or  demagnetizing: 

F'  =  F  sin  T  =  —  Fo  tan  r 

That  is,  in  the  variable-ratio  converter,  the  alternating-current 
armature  reaction  at  unity  power-factor  is  neutralized  by  a 
component  of  the  direct-current  armature  reaction,  but  a  re- 
sultant armature  reaction,  F',  remains,  in  the  direction  of  the 
resultant  magnetic  field:  that  is,  shifted  by  angle  (90  — t) 
against  the  position  of  brushes.  This  armature  reaction  is 
magnetizing  or  demagnetizing,  depending  on  the  direction  of 
the  shift  of  the  field  t. 

It  can  be  resolved  into  two  components,  one,  at  right  angles 
with  the  brushes,  and  equal: 

F/  =  F'  cos  T  =  Fo  sin  t 

and  one,  in  line  with  the  brushes,  and  equal: 

F/  =  F'  sin  T  =  F  sin*  t  =  F^  sin  r  tan  r 

as  shown  diagrammatically  in  Pigs.  12  and  13. 

There  thus  exists  a  resultant  armature  reaction  in  the  direc- 
tion of  the  brushes  that  is  harmful  for  commutation,  just  as  in 
the  direct-current  generator,  except  that  this  armature  reac- 
tion in  the  direction  of  the  brushes  is  only  F,'  =  F  sin  'r; 
that  is,  sin'  t  of  the  value  of  that  of  a  direct-current  generator. 

The  value  of  F,'  can  also  be  derived  directly,  as  the  difference 
betw^een  the  direct-current  armature  reaction  F  and  the  com- 
ponent of  the  alternating-current  armature  reaction,  in  the 
direction  of  the  brushes:     F^  cos  t,  that  is: 

Fj'  =  F  —  Ff^  COST  =  F  (1  —  cos't)  =  F  sin^r  ==  F^  sin  t  tan  t. 

The  shift  of  the  resultant  magnetic  flux,  by  angle  t,  gives  a 
component  of  the  magnetomotive  force  of  field  excitation 
P,  =  P  sin  T,  where  P  =  magnetomotive  of  field  excitation  in 
the  direction  of  the  commutator  brushes,  either  in  the 
direction  of  armature  reaction,  thus  interfering  with  commuta- 
tion, or  in  opposition  to  the  armature  reaction,  thus  improving 
commutation. 

If  the  magnetic  flux  is  shifted  in  the  direction  of  armature 
rotation ;  that  is.  if  that  section  of  the  field  pole  towards  which  the 
armature  moves,  as  in  Fig.  12,  is  weakened,  the  component  P,  of 
field  excitation  at  the  brushes  in  the  same  direction  as  the  arma- 
ture reaction,  F\  thus  adds  itself  thereto  and  impairs  the 
commutation.  Such  a  converter  is  hardly  operative.  In  this 
case  the  component  of  armature  reaction  in  the  direction  of 
the  field  flux,  F^  is  magnetizing. 
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If  the  magnetic  flux  is  shifted  in  opposite  direction  to  the 
armature  reaction;  that  is,  that  section  of  the  field  pole  which  the 
armature  conductor  leaves,  as  in  Fig.  13,  is  weakened,  the 
component  P,  of  field  excitation  at  the  brushes  is  in  opposite 
direction  to  the  armature  reaction  F' — ^reversing  it  if  sufficiently 
large — ^and  gives  a  commutating  or  reversing  flux  /?;  hence 
improves  commutation,  so  that  this  arrangement  is  used  in  such 
converters.  In  this  case,  however,  the  component  of  armature 
reaction  in  the  direction  of  the  field  flux  F'  is  demagnetizing, 


and  with  increasing  load  the  field  excitation  has  to  be  increased 
by  F',  to  maintain  constant  flux.  Such  a  converter  requires 
compounding,  as  by  a  series  field,  to  take  care  of  the  demag- 
netizing armature  reaction. 

If  the  alternating  current  is  not  in  phase  with  the  field,  but 
lags  or  leads,  the  armature  reaction  of  the  lagging  or  leading 
component  of  current  superimposes  upon  the  resultant  arma- 
ture reaction,  F',  and  increases  it,  with  lagging  current  in  Fig.  12, 
leading  current  in  Fig.  13 ;  or  decreases  it,  with  lagging  current 
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in  Fig.  13,  leading  current  in  Fig.  12.  With  lag  of  the  alternating 
current,  by  phase  angle  t,  under  the  conditions  of  Fig.  13,  the 
total  resultant  armature  reaction  vanishes ;  that  is,  the  lagging 
component  of  synchronous  motor  armature  reaction  compensates 
for  the  component  of  the  direct-current  reaction,  which  is  not 
compensated  by  the  armature  reaction  of  the  alternating  energy 
current.  It  is  interesting  to  note  that  in  this  case,  as  regards 
heating,  output  based  thereon  etc.,  the  converter  equals  that  of 
normal  voltage  ratio. 

B.  In  a  variable-ratio  converter  of  type  B;.that  is,  operating 


by  wave-shape  distortion,  let  p  equal  the  ratio  of  direct  voltage  to 
that  voltage  which  it  would  have  with  the  same  alternating 
impressed  voltage  at  normal  voltage  ratio,  where  p>l  represents 
a  super-normal  voltage,  p<l  a  subnormal  direct  voltage.  The 
direct  current,  and  thereby  the  direct-current  armature  reaction, 
then  is  changed  from  the  value  which  it  would  have  at  normal 
voltage  ratio  by  the  factor  1/p,  since  the  product  of  direct  volts 
and  amperes  must  be  the  same  as  at  normal  voltage  ratio,  being 
equal  to  the  alternating  power  input,  minus  losses. 
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With  unity  power-factor,  the  direct-cxurent  armature  reac- 
tion F  in  a  converter  of  normal  voltage  ratio  is  equal  and  op- 
posite, and  is  neutralized  by  the  alternating-current  armature 
reaction  F^,  and  at  a  change  of  voltage  ratio  from  normal,  by 
factor  p,  thus  changing  the  direct  current  by  factor  l/p\  the 
direct-current  armature  reaction  is  then: 

F»^ 
P 

hence  leaves  an  uncompensated  resultant. 

As  the  alternating  armature  reaction  at  unity  power-factor 
is  in  quadrature  with  the  magnetic  flux,  and  the  direct-current 
armature  reaction  in  line  with  the  brushes,  and  as  with  this  tvpe 
of  converter  the  brushes  stand  at  the  magnetic  neutral,  that  is, 
at  right  angles  to  the  magnetic  flux,  the  two  armature  reactions 
are  in  the  same  direction  in  opposition  with  each  other,  and  so 
leave  the  resultant,  in  the  direction  of  the  commutator  brushes: 

F'  =  F-Fo 

=  F  (!-/>) 

The  converter  thus  has  an  armature  reaction,  proportional 
to  the  deviation  of  the  voltage  ratio  from  normal. 

If  p>ly  or  super-normal  direct  voltage,  the  armature  reaction 
is  negative,  or  motor  reaction,  and  the  magnetic  flux  produced 
by  it  at  the  commutator  brushes  is  commutating  flux.  If  />  <  1 , 
or  subnormal  direct  voltage,  the  armature  reaction  is  positive; 
that  is,  the  same  as  in  a  direct-current  generator,  but  less  in 
intensity,  and  the  magnetic  flux  of  armature  reaction  tends  to 
impair  commutation.  In  a  direct-current  generator,  by  shifting 
the  brushes  to  the  edge  of  the  field  poles,  the  field  flux  is  used  as 
reversing  flux  to  give  commutation.  In  this  converter,  how- 
ever, decrease  of  direct  voltage  is  produced  by  lowering  the  outside 
sections  of  the  field  poles.  The  edge  of  the  field  may  not  have 
a  sufficient  flux  density  to  give  commutation  with  a  considerable 
decrease  of  voltage  below  normal.  Therefore,  a  separate  com- 
mutating pole  is  required,  or  this  type  of  converter  is  used  only 
for  raising  the  voltage.  For  lowering  the  voltage  the  other  type  is 
used,  which  operates  by  a  shift  of  the  resultant  flux,  and  gives  a 
component  of  the  main  field  flux  as  commutating  flux. 

With  a  polar  construction  consisting  of  three  sections  this 
can  be  done  by  having  the  middle  section  at  low  excitation,  and 
the  outside  sections  at  high  excitation  for  maximum  voltage. 
To  decrease  the  voltage,  raise  the  excitation  of  the  center  section, 
but  instead  of  lowering  both  outside  sections,  leave  the  section 
in  the  direction  of  the  armature  reaction  unchanged,  while 
lowering  the  other  outside  section  twice  as  much,  and  so  pro- 
duce in  addition  to  the  change  of  wave  shape,  a  shift  of  the  flux, 
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and  thereby  produce  at  the  brushes  a  magnetic  commutating 
field  of  any  desired  strength. 

The  distribution  of  current  in  the  armature  conductors  of  the 
variable-ratio  converter,  and  the  wave  form  of  the  actual  or 
differential  current  flowing  in  the  conductors,  and  the  effect 
of  the  wattless  current  thereon,  are  determined  in  the  same 
manner  as  in  the  standard  converter,  and  from  them  is  calcu- 
lated the  local  heating  in  the  individual  armature  turns,  and 
the  minimum  armature  heating. 

The  results  in  general  are  the  same,  showing  a  superiority  of 
the  six-phase  over  the  two-phase,  and  of  the  two-phase  over  the 
three-phase  arrangement.  As  regards  the  rating  of  the  machine 
based  on  armature  heating,  the  variable-ratio  converter  is  inter- 
mediate between  the  standard  converter  and  the  direct-current 
generator,  approaching  the  former,  the  less  the  voltage  ratio  differs 
from  the  normal.  The  rating,  of  such  a  converter  of  a  constant 
direct  voltage  differing  from  that  corresponding  to  the  alter- 
nating supply  voltage,  is  far  higher,  and  the  size  therefore  smaller, 
than  that  of  a  direct-current  generator.  It  approaches  that  of 
the  standard  converter  the  nearer  the  voltage  ratio  is  to  the 
normal. 

Where,  however,  the  converter  is  intended  for  operation  over 
a  considerable  voltage  range,  as  when  connecting  a  storage-battery 
to  an  alternating-current  system,  the  size  of  the  converter  is 
greater  than  that  of  a  converter  operating  at  constant  voltage,  in 
the  same  way  and  by  the  same  amount  as  any  apparatus  intended 
for  operation  over  a  considerable  voltage  range;  that  is,  the 
magnetic  circuit  of  the  machine  must  be  ample  to  carry  the 
magnetic  flux  of  maximum  voltage,  while  the  conductor  section 
and  commutator  size  must  be  sufficient  for  maximum  current. 
This  increase  of  size  is  a  necessary  result  of  operation  over  a 
voltage  range,  irrespective  of  the  method  by  which  the  change 
of  voltage  is  brought  about,  whether  by  a  change  of  the  alter- 
nating impressed  voltage,  or  by  a  change  of  the  converter  ratio, 
and  so  has  nothing  to  do  with  the  method  of  voltage  regulation. 

P.  M.  Lincoln  (by  letter) :  The  description  by  Mr.  Steinmetz 
of  the  actions  taking  place  in  a  split-pole  converter  is  beautifully 
simple  and  lucid.  I  fail  to  see,  however,  wherein  Mr.  Stein- 
metz has  substantiated  the  claims  made  in  opening  his  dis- 
cussion; namely,  that  he  would  clear  up  the  difficulties  in 
regard  to  commutation,  decrease  in  capacity,  lower  efficiency, 
variable  wave  form,  etc.,  mentioned  in  my  discussion. 

As  to  the  three- part-pole  machine,  the  reduction  in  capacity 
necessary  to  obtain  a  reasonable  voltage  variation  seems  to  put 
this  type  of  machine  out  of  the  running  entirely.  As  to  the  two- 
part-pole  machine,  Mr.  Steinmetz  has  failed  to  reconcile  the  con- 
flicting requirements  of  wave  form  and  commutation.  Wave 
form  demands  that  the  commutating  notch  iij  the  field  be  of 
zero  width.  Commutation,  on  the  other  hand,  demands  a 
notch  in  the  field  form  of  at  least  20  per  cent  to  25  per  cent  of 
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the  space  between  brushes.  This  has  been  demonstrated  by 
years  of  experience.  Just  how  much  will  be  required  under 
the  peculiar  conditions  of  the  two-part-pole  construction  is 
problematical,  but  it  is  impossible  for  me  to  conceive  how  it 
can  be  less  than  in  a  machine  of  normal  design;  and  in  view  of 
the  variable  field  strength  at  the  commutating  point,  it  seems 
that  this  notch  should  be  considerably  wider  than  in  the  normal 
design.  In  fact  the  necessarily  wide  variations  of  field  strength 
at  the  commutating  point  raise  serious  questions  as  to  the 
possibility  of  obtaining  satisfactory  commutation  even  with  the 
most  favorable  notch  widths. 

I  am  deeply  interested  in  Mr.  Steinmetz's  description  of  the 
variable-voltage  converter,  and  I  give  mental  assent  to  every 
one  of  his  deductions,  but  I  am  disappointed  that  he  does  not 
explain  away  the  above  questions  as  well  as  the  others  raised 
by  my  discussion. 

In  closing  his  discussion,  Mr.  J.  L.  Woodbridge  takes  issue 
with  my  statement  that  rapidity  of  voltage  change  can  be 
largely  increased  in  the  separate  alternating-current  booster 
converter  over  anything  possible  in  the  split-pole  machine, 
owing  to  the  possibility  of  omitting  dampers  from  the  separate 
booster  field,  coupled  with  the  impossibility  of  omitting  them 
from  the  split-pole  machine.  He  suggests  that  I  did  not  take 
into  consideration  that  in  the  case  of  a  separate  alternating- 
current  booster  the  strength  of  the  main  converter  fields,  (which 
must  be  damped)  as  well  as  the  booster  fields,  must  change  before 
the  voltage  ratio  of  the  combination  can  change.  I  wish  to 
assure  Mr.  Woodbridge  that  I  fidly  considered  the  matter  in 
this  light  before  making  my  statement.  It  is  perfectly  true  that 
so  long  as  its  speed  remains  constant,  neither  the  alternating 
nor  the  direct  voltage  of  a  converter  can  change  without  chang- 
ing its  field  strength.  Immediately  upon  a  change  in  the 
voltage  applied  to  the  alternating  current  end  of  a  converter, 
a  current  begins  to  circulate  through  its  armature  of  such  a 
nature  as  to  cause  the  field  value  to  change  rapidly  to  that  neces- 
sary to  accommodate  the  changed  alternating  current  value. 
The  whole  power  of  the  system  to  which  the  converter  is  attached 
is  available  for  bringing  about  this  change  in  field  flux.  If  the 
shunt  field  of  the  converter  is  excited  from  its  own  commuta- 
tor, the  shunt  ampere-turns  will  assume  a  new  value  such  as 
will,  with  proper  design,  virtually  eliminate  the  armature  cur- 
rent which  causes  the  immediate  adjustment  of  the  field  flux. 
It  is  the  duty  which  falls  upon  the  regulator  that  determines 
its  speed  of  action,  and  in  the  case  of  the  separate  booster  con- 
verter, the  changing  of  the  flux  in  the  main  converter  fields  is 
not  a  part  of  this  duty.  This  condition  was  all  gone  over  men- 
tally before  making  the  statement  appearing  in  my  discussion. 
I  considered  it  so  obvious  as  not  to  require  statement. 

Mr.  Woodbridge  further  states  that  he  has  designed  a  damper 
to  apply  to  the  split-pole  machine  of  such  a  nature  that  it  does 
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not  interfere  materially  with  the  speed  of  voltage  changes.  To 
cause  voltage  changes  in  a  converter  of  Mr.  Woodbridge's  design, 
a  shifting  of  magnetic  flux  from  one  part  of  the  pole-face  to 
another  is  required.  To  prevent  hunting,  a  damper  must  be  so 
designed  as  to  prevent  the  shifting  of  magnetic  flux  from  one 
part  of  the  pole-face  to  another.  Mr.  Woodbridge's  require- 
ment is,  therefore,  diametrically  opposed  to  the  essential  object 
of  a  damper.  I  must,  therefore,  remain  skeptical  as  to  the 
eflicacy  of  the  new  damper  until  further  details  are  disclosed. 

J.  L.  Bumham  (by  letter) :  Since  the  papers  and  discussions 
so  far  have  been  theoretical,  it  may  be  of  interest  to  have  some 
results  from  machines  that  have  been  built.  The  results  given 
are  based  on  observations  of  the  operation  of  one  200-kw.  three- 
phase;  one  500-kw.  six-phase;  and  four  1000-kw.  six-phase  con- 
verters all  having  a  range  in  voltage  of  4  to  5;  a  1000  kw.  con- 
verter having  a  6  to  7  voltage  range ;  and  a  2000-kw.  six- 
phase  converter  having  a  range  in  voltage  of  2  to  3.  None 
of  these  machines  had  unusual  armature  winding  pitch  or  tap 
connections  to  eliminate  harmonics,  as  suggested  in  the  papers 
by  Messrs.  Adams  and  Woodbridge,  since  all  experimental  data 
obtained  showed  that  it  was  not  necessary. 

These  machines  were  operated  from  a  13200-volt,  2000-kw. 
alternator  over  a  one-half  mile  line  through  transformers  con- 
nected delta  primary,  double-delta  secondary;  delta  primary, 
diametral  secondary;  star  primary,  diametral  secondary; 
star  primary,  double-delta  secondary ;  and  two-phase  primary, 
six-phase,  double-T  secondary.  When  running  at  no  load,  the 
alternating-current  minimum  input  for  various  excitations 
throughout  the  voltage  range  did  not  in  any  case  exceed  8  per 
cent,  except  for  the  delta  primary,  diametral  secondary  con- 
nection of  transformers.  This  8  per  cent  alternating-current 
input  includes  all  of  the  odd  harmonics,  except  the  third  and  its 
multiples,  which  are  eliminated  by  transformer  connections,  in 
addition  to  no-load  losses  of  the  machine,  which  would  amount 
to  about  3  per  cent.  This  result  seems  to  confirm  the  calcu- 
lated negligible  value  of  harmonics  given  in  the  papers  by  Messrs. 
Adams  and  Woodbridge.  At  full  load  these  harmonics  are  so 
small  that  they  do  not  make  an  appreciable  difference  between 
kilo  volt  ampere  and  kilowatt  readings. 

The  200-kw.  and  500-kw.  machines  mentioned  above  have 
passed  the  probation  period  of  two  years  mentioned  by  Mr. 
Lincoln  and  Mr.  Waters  and  have  shown  themselves  to  be  the 
equal  of  machines  with  usual  pole  construction  in  general  opera- 
ting characteristics,  such  as  commutation,  stability,  alternating- 
current  and  direct-current  starting,  quiet  running,  etc.  The 
efficiencies  are,  of  course,  dependent  upon  the  voltage  for  each 
load.  For  voltages  obtained  by  operating  the  two  sections  of 
the  pole  with  excitation  in  the  same  direction,  there  is  virtually 
no  difference  between  sectional-pole  machines  and  the  machine 
of  standard  pole  construction.    When  the  auxiliary  section  is 
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excited  to  reverse  polarity  of  the  main  section,  the  core-loss  and 
loss  in  armature  conductors,  due  to  load  current,  will  be  greater 
than  for  a  machine  of  standard  construction,  amounting  at 
extreme  lower  voltage  to  between  1  and  2  per  cent.  It  will, 
therefore,  be  seen  in  the  table  given  later  that  the  split-pole 
machine  will  be  more  efficient  at  the  higher  voltages  of  its  range 
than  the  converter  with  a  pole-piece  of  usual  construction  and 
its  induction  or  booster  regulator,  and  approximately  the  same 
efficiency  at  the  lower  voltages  of  the  range. 

In  regard  to  three-wire  operation,  it  may  be  stated  that  this 
has  been  successfully  accomplished  with  transformers  connected 
star  primary,  diametral  secondary,  deriving  the  neutral  from 
the  transformers.  Throughout  the  3  to  4  range  of  voltage,  with  an 
unbalancing  between  the  two  sides  of  70  per  cent  of  the  full  load 
current  of  the  machine,  the  machine  was  perfectly  stable,  com- 
mutating  sparklessly  and  running  quietly.  The  harmonic 
currents  were  negligible  and  the  direct-current  voltage  steady. 
This  is  a  guaranteed  condition  of  operation. 

Mr.  Waters's  statement  that  a  slight  displacement  of  poles  of 
the  split-pole  machine  from  their  proper  position  would  cause 
excessive  equalizing  current  to  flow  in  a  multiple-wound  arma- 
ture has  no  weight,  since  the  same  result  would  be  obtained 
from  the  displacement  of  poles  of  the  usual  construction  or  with 
interpole  construction. 

No  mention  has  been  made  of  the  performance  of  a  split-pole 
converter  as  a  compound-wound  machine.  From  tests  made 
on  a  machine  having  a  two-section  pole  with  shunt  winding  on 
the  main  pole  and  a  series  winding  on  the  auxiliary  pole,  an 
overcompounding  of  approximately  15  per  cent,  was  obtained 
without  taking  a  wattless  component  of  current  in  excess  of 
that  given  at  approximately  98  per  cent,  power-factor  full  load 
the  alternating  voltage  at  collector  rings  being  held  constant. 
With  the  usual  arrangement  of  compound-wound  converters 
with  15  per  cent  reactance  coils  in  the  collector  lines,  a  variation 
in  wattless  component  of  over  100  per  cent  would  be  required  to 
give  the  same  overcompounding.  Assuming  that  the  shunt 
field  is  excited  to  give  50  per  cent  of  the  full-load  current  lagging 
at  no  load,  the  leading  wattless  component  at  full  load  would 
be  somewhat  in  excess  of  50  per  cent  full-load  current,  which 
would  give  a  power-factor  in  the  converter  of  less  than  90  per 
cent.  In  addition  to  the  advantage  of  running  at  practically 
unity  power-factor  with  a  compound- wound  split-pole  converter, 
the  commutation  will  be  fully  as  good  when  the  machine  is 
operating  with  rotation  such  that  the  auxiliary  pole  will  be  on 
the  leading  side  of  the  main  pole,  as  with  the  reverse,  or  usual 
rotation.  With  proper  proportions  of  auxiliary  field,  the  com- 
mutation may  be  improved  by  depending  upon  the  auxiliary 
pole  for  commutating  flux,  which  will  be  proportional  to  the 
load,  the  same  as  in  a  commutating  pole  machine.  The  auxiliary 
section  will  then  serve  as  a  commutating,  as  well  as  a  com- 
pounding pole. 
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In  the  following  table  approximate  costs,  floor  space,  and  effi- 
ciencies, are  based  on  IQOO-kw.  units  with  a  voltage  range  4  to  5, 
all  to  meet  the  same  guarantees.  The  machine  of  usual  pole 
construction  with  induction  regulator  is  taken  as  the  basis  for 
comparison. 

CONVBRTBR   WITH   UsUAL    POLB   CONSTRUCTION 


COit 

Efficiency     mid- voltage 
fuU-foad 

WeWit 

Floor  tpAce 


With 
induction 
regulator 
per  cent. 


100 

94.5 
100 
100 


With  revolving 
armature 
a.c-booster 
per  cent. 


112 

94.25 
106 
103 


With  revolving 

field 

a.c-booster 

per  cent. 


106 

94.5 
106 
107 


Split 

pole 
converter 
per  cent. 


100 

95 
97 
96 


J.  L.  Woodbridge:  Professor  Adams  has  presented  a  very 
interesting  discussion  of  the  theory  of  the  split-pole  converter, 
differing  in  many  respects  from  mine.  A  compaiison  of  the 
two  methods  of  analysis  will  show  that  while  starting  from 
the  same  point,  namely,  the  harmonic  analysis  of  the 
curve  of  field  distribution,  they  both  arrive  at  practically  the 
same  conclusions  by  two  different  routes  and  they  therefore 
fit  in  very  well  together.  In  each  analysis  certain  points  are 
covered  which  do  not  appear  in  the  other. 

There  are  one  or  two  points  brought  up  by  Mr.  Lincoln  to 
which  I  would  like  to  refer.  He  has  called  attention  to  the 
limited  width  of  the  neutral  space  for  commutation  shown 
in  Fig.  17  of  my  paper.  It  must  be  understood  that  Fig.  17 
shows  the  field  distribution  at  the  armature  periphery  including 
the  field  fringe,  and  the  distance  between  the  pole  tips  would 
therefore  be  greater  than  the  30®  space  shown  in  this  Fig.  In 
fact  this  Fig.  was  taken  from  a  machine  actually  designed, 
built,  and  operated.  This  question  of  commutation  has,  how- 
ever, been  so  thoroughly  covered  by  Dr.  Steinmetz  and  by  Mr. 
Bumham,  from  both  theoretical  and  practical  standpoints, 
that  further  comment  appears  unnecessary. 

In  comparing  the  split-pole  converter  with  a  series  alter- 
nating-current booster,  Mr.  Lincoln  has  taken  the  stand  that 
the  latter  would  act  more  quickly,  owing  to  the  fact  that  there  is 
a  smaller  amount  of  field  flux  to  change.  Mr.  Lincoln  does  not 
seem  to  have  taken  into  account  the  fact  that  with  a  converter 
having  an  alternating-current  booster  mounted  on  the  same 
shaft,  if  it  is  desired  to  vary  the  direct  voltage  without  altering 
the  alternating  voltage  or  the  power-factor,  it  will  be  necessary 
to  vary  the  fields  of  both  machines.  It  is  impossible  to  vary  the 
direct  voltage  of  the  converter  without  changing  its  field  strength. 
While  this  may  be  brought  about  without  changing  the  excita- 
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tion  of  the  field  windings,  by  simply  changing  the  voltage  applied 
to  the  collector  rings  and  pennitting  the  wattless  current  thus 
produced  in  the  armature  to  magnetize  or  demagnetize  the  field, 
nevertheless  this  change  of  field  strength  must  be  brought  about. 
The  voltage  at  the  brushes  cannot  be  reduced  without  actually 
reducing  the  flux  through  which  the  armature  winding  is  passing. 
Some  reduction  in  excitation  will  result  from  the  reduced  voltage 
applied  to  the  shimt-field  winding  of  a  self-excited  converter, 
but  imless  a  prohibitive  amount  of  iron  is  used  in  the  magnetic 
circuit,  so  as  to  work  below  the  knee  of  the  saturation  curve,  this 
change  in  excitation  will  produce  but  little  effect  on  the  field 
strength,  and  the  remainder  must  be  produced  by  wattless 
currents  in  the  armature.  Such  a  combination  cannot,  there- 
fore, operate  at  unity  power-factor  without  providing  for  simul- 
taneous control  of  both  fields. 

In  regard  to  damping  devices,  I  would  say  that  a  special  design 
of  damper  has  been  worked  out  for  the  three-part  pole,  which 
will  not  interfere  with  the  quickness  of  action.  It  permits 
the  field  flux  to  vary  symmetrically  with  respect  to  the  axis  of 
the  field,  while  retarding  any  tendency  to  shift  the  entire  field 
one  way  or  the  other.  For  the  two-part  field  the  main  section 
can  be  provided  with  an  ordinary  copper-ring  damper,  since  the 
field  strength  in  this  section  is  not  varied.  Where  the  auxiliary 
field  section  is  controlled  automatically,  no  damping  device 
will  be  required,  as  the  automatic  controller  will  counteract  any 
tendency  to  a  variation  of  flux  in  this  section,  other  than  that 
which  is  required  for  operation. 

Many  of  Mr.  Lincoln's  objections  to  the  split-pole  converter 
appear  to  be  based  on  the  assumption  that  it  is  impossible  to 
eliminate  the  higher  harmonics  from  the  wave  form.  In  this 
connection  it  may  be  well  to  emphasize  what  has  already  been 
brought  out  in  this  discussion;  namely,  that  the  variation  of 
voltage  ratio  in  the  split-pole  converter  is  not  dependent  upon 
these  higher  harmonics,  but  that  these  are  merely  incidental, 
and  their  elimination  by  a  proper  design  of  the  machine  does 
not  limit  the  change  of  ratio  obtainable.  In  the  three-part 
pole  the  third  harmonic  determines  the  voltage  ratio,  but  this 
does  not  appear  in  the  wave  form  with  three-phase  connection. 
In  the  two-part  pole  it  is  the  shifting  of  the  entire  field  that 
produces  the  change  of  voltage  ratio,  and  this  result  may  be 
obtained  with  a  pure  sine  wave  of  fimdamental  frequency,  as 
has  been  so  clearly  shown  by  Dr.  Steinmetz.  Mr.  Bumham 
has  also  shown  that  in  the  machines  of  this  type  actually  built, 
these  harmonics  are  quite  negligible,  even  without  the  intro- 
duction of  special  features  in  the  design  adapted  to  minimize 
them. 

G.  E,  Brown  (by  letter):  Referring  to  Fig.  25,  a  test 
made  on  a  1000-kw.  converter  of  the  two-part-pole  type 
recently  put  into  commercial  service,  gave  data  very  similar 
to  that  indicated  in  these  curves.    The  converter  was  operated 
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at  no  load  with  constant  alternating  voltage,  and  the  direct 
voltage  varied  from  185  to  310.  The  normal  direct  voltage  is 
270,  which  requires  no  current  in  the  auxiliary  field  circuit. 

Referring  to  the  statement  that  the  minimum  disturbance  of 
power-factor  occurs  when  working  on  either  side  of  Fo  as  shown 
in  Fig.  15,  it  is  also  evident  from  Fig.  25  that  less  change  in 
the  main  field  current  is  necessary  to  hold  unity  power-factor 
when  the  converter  is  operating  below  normal  voltage  than 
when  it  is  operating  above  normal  voltage.  In  this  test,  with 
the  converter  operating  at  no  load  from  185  to  270  volts,  it  was 
found  that  a  variation  in  the  main  field  current  of  about  one  per 
cent  was  necessary  in  order  to  maintain  unity  power-factor. 
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A  NEW  LARGE  GENERATOR  FOR  NIAGARA  FALLS 


BY    B.    A.    BEHREND 


A  new  generating  plant  of  considerable  magnitude  has  been 
completed  recently  at  Niagara  Falls.  This  plant  is  the  new 
plant  of  the  Niagara  Falls  Hydraulic  Power  and  Manufacturing 
Company.  A  number  of  large  direct-current  generators  to  be 
used  for  the  manufacture  of  aluminum  has  been  installed  in 
this  plant,  each  generating  imit  consisting  of  two  direct-current 
generators  connected  to  11,000-h.p.  turbines.  A  large  alter- 
nating-current generator,  one  of  an  aggregate  of  three  wound 
for  12,000  volts,  has  also  been  installed  in  this  station.  The 
power  house  is  located  at  the  foot  of  the  falls,  on  the  American 
side,  below  the  old  power  house  of  the  Niagara  Falls  Hydraulic 
Power  and  ^lanufacturing  Company. 

The  generator  which  is  described  in  this  paper  offers  a  num- 
ber of  interesting  features  and  is  remarkable  among  the  gener- 
ators at  Niagara  Falls  on  account  of  its  speed  of  300  rev.  per  min., 
which  is  greater  than  the  speed  of  any  of  the  other  large  gen- 
erators installed  in  the  power  houses  at  the  falls.  The  generator 
is  wound  for  12,000  volts,  three-phase,  25-cycles.  The  water- 
wheel  is  moimted  on  a  horizontal  shaft  and  has  a  capacity  of 
11,000  h.p.  The  generator  is  rated  at  6500  kw.  with  a  capacity 
for  continuous  operation  of  7320  kw.,  or  approximately  7500 
kw.  The  nmaway  speed  of  the  waterwheel  is  given  as  500 
revolutions;  the  generator,  therefore,  had  to  be  designed  to  be 
safe  at  this  speed. 

The  experience  which  has  been  gained  from  the  design  of 
generators  for  direct  connection  to  steam  turbines  has  greatly 
minimized  the  difficulties  of  a  problem  like  the  one  under  con- 
sideration.    Nevertheless,     11,000-h.p.     generating    units    are 
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neither  so  plentiful  nor  so  readily  designed  and  built  as  not  to 
afford  considerable  interest,  especially  if  the  results  obtained 
with  such  machines  are  remarkably  satisfactory. 

The  object  of  this  paper  is  to  illustrate,  by  a  number  of  photo- 
graphs and  drawings,  the  design  and  construction  of  this  in- 
teresting unit,  and  to  show  by  the  tests  the  electrical  charac- 
teristics. 

Fig.  1  shows  the  generator  assembled  on  the  test  floor. 

Fig.  2  shows  the  stator  of  the  generator  with  the  rotor  removed. 

Fig.  3  shows  the  rotor  by  itself. 


Pig.  1 — 10,000  h.p.  generator 

Fig.  4  shows  one  of  the  pedestals  and  the  two  stands  for  sup- 
porting the  brush  studs  for  the  field  excitation.  The  field  excita- 
tion is  derived  from  220  volts. 

Fig.  5  is  an  assembly  drawing  showing  the  most  important 
details. 

The  construction  of  the  rotor  is  worthy  of  careful  study.  A 
disc  of  nickel-steel,  without  a  hole  in  the  centre,  forms  the  middle 
part  of  the  revolving  element.  Two  nickel-steel  rings  are 
mounted  on  each  side  of  this  web  and  are  bolted  and  keyed  to 
it.     The  nickel-steel  used  for  this  construction  must  have  great 
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mechanical  strength  and  high  magnetic  permeability.  A  nickel- 
steel  containing  3.5  per  cent,  nickel  has  been  used  for  this 
purpose.     Its  elastic  propeities  are. 

Elastic  limit 50,000  lb.  per  sq.  in. 

Ultimate  strength 80,000  lb.  per  sq.  in. 

Elongation 20  per  cent,  in  2.  in. 

Reduction  of  area 40  per  cent. 

The  magnetic  qualities  of  this  steel  are  given  in  the  curve 


Fig.  2 — Stator  of  10,000  h.p.  generator 

illustrated  by  Fig.  6.  The  nickel-steel  forgings  as  used  in  this 
construction  enable  the  designer  to  produce  the  strongest  and 
lightest  construction,  as  the  mechanical  strength  of  the  material 
is  great  and  the  magnetic  permeability  high.  The  weight  of 
the  complete  rotor  is  only  92,900  lb.  and,  the  bearings  being 
16  in.  by  50  in.,  the  specific  pressure  is  only  58  lb.  per  sq.  in. 
The  weight  of  the  stator  is  116,700  lb.  and  the  weight  of  the 
entire  machine  is  275,000  lb. 

It  may  be  of  interest  to  discourse  briefly  upon  the  theory  of 
elastic   stresses   in   rotating   discs   and    rings.     The    theory   of 
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Fig.  3— Revolving  field  of  10,000  h.p.  generator 


Fig.  4— Pedestal  and  brush  stands  of  10,000  h.p.  generator 
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elasticity  applied  to  the  radial  and  tangential  stresses  in  rotating 
discs  shows  that  the  point  of  maximum  stress  is  at  the  centre  of 
a  disc  and  at  the  inside  surface  of  a  ring.  We  have  demonstrated 
the  correctness  of  this  theory  by  experiments  with  lead  discs, 
the  deformation  of  which,  as  obtained  by  measurement  before 
and  after  the  test,  readily  indicates  that  the  maximum  deforma- 
tion, as  shown  by  the  lateral  contraction,  appears  at  the  centre 
of  the  discs  or  at  the  inside  of  the  ring  from  where  the  metal 
flows  toward  the  outside  portions.  The  radial  stress  normal 
to  a  free  surface  must  be  zero,  and,  therefore,  the  maximum 


Fig.  0 

stress  appears  as  a  tangential  stress.  In  a  solid  disc  the  elements 
at  the  centre  are  subject  to  both  radial  and  tangential  stresses. 
A  hole  in  the  centre  eliminates  the  radial  stress,  and,  as  is  shown 
by  the  theory,  this  doubles  the  tangential  stress.  This  is  well 
illustrated  in  the  curves  shown  in  Fig.  7,  in  which  the  radial 
stresses  are  shown  by  the  abscissas  on  the  left  of  the  curve 
sheet,  and  the  tangential  stresses  are  shown  by  the  abscissas 
on  the  right  of  the  curve  sheet.  It  is  assumed  that  the  outside 
radius  of  the  disc,  or  the  ring,  is  kept  constant  and  equal  to  10 
units  of  length,  while  the  inside  radius  is  increased  from  zero 
to  10  units  of  length.     The  radial  and  tangential  stresses  are  then 
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represented  by  the  abscissas  of  the  two  sets  of  curves  shown  in 
the  figure.  Great  mechanical  strength  and  lightness  are  ob- 
tained in  this  rotor  construction,  and  although  it  would  have 


been  possible  to  use  a  hub  mounted  on  a  shaft,  according  to  the 
practice  with  slow-speed  machinery,  as  the  stresses  on  the  inside 
of  the  hub  would  not  have  been  prohibitive,  the  design  adopted 
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Fig.  8— Core  loss  of  10,000  h.p.  generator 


Fig.  9 — Friction  and  windage  curves  of  10,000  h.p.  generator 
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for  this  large  generator  is  elegant  and  mechanically  superior. 
The  electrical  characteristics  of  this  unit  are  well  shown  in  the 
curves,  Fig.  8  to  12,  accompanying  this  paper. 

Fig.  8  represents  the  core-loss  which  is  equal  to  75  kw.  at 
12,000  volts;  this  is  approximately  one  per  cent,  of  the  output. 

Fig.  9  represents  the  power  necessary  to  overcome  the  fric- 
tion and  windage  at  300  rev.  per  min.  which  is  equal  to  106  kw. 


or 

€S00/7^OO  ATH^   /2000  V^OLT, 


A^/fGfJ^^   rfu.Sj    Af)< 


Fig.  10 — Short-circuit  core  loss  of  10,000  h.p.  generator 

Fig.  10  represents  the  short-circuit  core-loss  of  the  generator, 
demonstrating  that  the  ratio  of  the  short-circuit  loss  to  the 
P  R  loss,  at  7500  kw.,  is  equal  to  1.45,  which  is  a  very  excellent 
result. 

Fig.  11  represents  the  saturation  and  regulation  curves  of 
the  generator  with  a  regulation  of  8.4  per  cent,  at  full  load  and 
100  per  cent,  power-factor  at  12,000  volts.     The  generator  is 
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Fig.  11 — Saturation  and  regulation  curves  of  10,000  h.p.  generator 
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Fig.  12 — Efficiency  curves  of  10,000  h.p.  generator 


Digitized  by  ViOOQIC 


1908] 


BEHREND:  A  N^TW  LARG^  GENERATOR 


1067 


capable  of  giving  13,000  volts  under  any  condition  of  load  that 
is  likely  to  occur,  should  this  be  required. 

Fig.  12  shows  several  efficiency  curves  and  a  tabulation  of  the 
guaranteed  efficiencies  compared  with  the  actual  efficiencies. 
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Fig.  13 — Revolving  field  on  its  way  down  the  cliff 

Fig.  13  shows  the  revolving  field  suspended  from  a  crane 
from  the  cliff,  240  ft.  above  the  Niagara  River,  as  it  was  being 
towered  into  the  gorge. 

From  the  tests  made  regarding  the  heating  of  this  unit,  the 
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temperature  will  remain  within  35  degrees  at  normal  load  and  40 
degrees  at  7500  kw.  The  power  of  this  generator  is  going  to  be 
used  chiefly  for  the  operation  of  induction  motors  in  Niagara 
Falls  and  its  vicinity. 
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MODERN    DEVELOPMENT    IN    SINGLE-PHASE 
GENERATORS 


BY    W.    L.    WATERS 


The  single-phase  alternator  has  been  in  commercial  use  now 
for  twenty  years  and  it  may  seem  surprising  that  there  should 
be  new  developments  at  this  late  date.  However,  single-phase 
alternators  have  been  used  in  the  past  almost  exclusively  for 
lighting  work,  and  in  tmits  of  comparatively  small  output  and 
low  speed.  Recently,  on  account  of  the  adoption  of  single-phase 
current  for  traction  work,  an  important  demand  has  arisen  for 
large  high-speed,  low-frequency,  single-phase  generators.  It 
is  in  the  design  and  manufacture  of  such  imits  that  the  engi- 
neer has  had  to  overcome  new  difficulties.  In  large,  high-speed, 
single-phase  generators  for  15  and  25  cycles  the  difficulties  met 
with  are  due  almost  entirely  to  the  large  pole-pitch  and  high 
armature  reaction  which  it  is  necessary  to  adopt.  A  500-kw., 
60-cycle,  72-pole,  single-phase  generator  would  have  a  pole-pitch 
of  about  7  in.,  while  a  GOOO-kw.,  15-cycle,  2-pole  machine 
would  have  one  machine  of  about  120  in.  It  is  easily  seen  that 
the  design  of  these  will  be  radically  different. 

These  difficulties  in  single-phase  generators  of  large  pole- 
pitch  are  the  result  of  : 

1.  Pulsation  of  the  armature  reaction. 

2.  Mechanical  stresses  on  the  end-connections  of  the  armature 
coils. 

The  pulsation  of  the  armature  reaction  causes  hysteresis  and 
eddy-current  losses  throughout  the  machine,  often  resulting  in 
dangerous  heating  and  low  efficiency.  The  mechanical  stresses 
due  to  the  current  in  the  ends  of  the  armature  coils  result  in 
vibration  and  distortion  of. the  windings,  and  often  in  damage 
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to  the  insulation  or  complete  destruction  of  the  coils,  these 
stresses  being  particularly  serious  in  single-phase  railway  genera- 
tors, on  account  of  the  sudden  variations  in  load  and  numerous 
short-circuits  to  which  these  machines  are  subjected.  As  the 
effect  of  the  mechanical  stresses  on  the  armature  coils,  and  the 
losses  due  to  the  pulsation  of  armature  reaction,  practically 
increase  proportionally  to  the  square  of  the  pole-pitch  in  gen- 
erators of  standard  design,  it  is  easily  seen  why  these  effects 
which  were  negligible  in  the  old  single-phase  alternators  of  small 
pole-pitch  have  become  quite  serious  in  the  modem  turbine- 
driven  generator.  The  seriousness  of  these  difficulties  when 
they  were  first  met  with  was  so  great  that  even  within  the  last 
two  years  responsible  engineers  have  stated  it  was  impossible 
to  build  satisfactory  low-frequency,  high-speed,  single-phase 
generators  of  large  capacity,  and  it  is  only  by  careful  study  and 
experimenting  that  the  modem  machine  of  this  type  has  been 
developed. 

Losses  due  to  pulsation  of  armature  reaction.  In  a  poly- 
phase generator  the  armature  current  produces  a  magnetic 
flux  which  rotates  synchronously  with  the  field  magnet.  This 
magnetic  flux  being  of  practically  constant  magnitude,  causes 
very  little  loss  in  the  iron  of  the  magnetic  circuit.  On  the 
other  hand,  the  armature  current  in  a  single-phase  generator 
produces  a  pulsating  magnetic  flux  which  is  stationary  in  space. 
It  is  easily  seen  that  this  pulsating  flux  will  cause  hysteresis 
and  eddy-Current  losses  throughout  the  whole  magnetic  circuit. 
The  exact  effect  of  the  armature  reaction  flux  on  the  rotat- 
ing magnets  depends,  of  course,  on  the  relative  phase  of  the 
armature  '  current  and  electromotive  force ;  that  is,  on  the 
power-factor  of  the  load  on  the  generator.  When  the  power- 
factor  is  unity  and  the  armature  current  is  in  phase  with 
the  electromotive  force,  the  armature  reaction  flux  is  a  cross- 
magnetization;  when  the  power-factor  is  zero  and  the  arma- 
ture current  is  90°  out  of  phase  with  the  electromotive  force, 
the  armature  reaction  flux  is  a  demagnetization.  In  the  special 
case  in  which  the  rotating  field  magnet  is  cylindrical,  Without 
projecting  poles,  the  effect  of  the  armature  reaction  flux  on  the 
magnets  is,  of  course,  more  nearly  independent  of  the  power- 
factor  of  the  armature  current.  But  in  any  case  this  flux  is  a 
pulsating  one,  and  there  are  important  losses  in  the  field  mag- 
nets, due  to  their  rotation  through  this  pulsating  cross-flux  or 
demagnetization  flux. 
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An  estimate  of  the  combined  losses  in  the  armature  and  field 
magnets  due  to  the  ptdsating  armature  reaction  can  be  obtained 
in  a  number  o£  ways.  We  can  measure  the  increase  of  the 
power  required. 'to>  rotate  the  field  magnets  due  to  normal  root- 
mean  square  current  in  the  armature  coils,  with: 

1.  Direct  current  in  the  armature. 

2.  Alternating  current  of  synchronous  frequency  in  the  arma- 
ture. 

3.  Armature  short-circuited  and  field  excited. 
Or  with  the  magnets  stationary  we  can:  . 

4.  Send  normal  frequency  alternating  current  through  the 
armature  and  measure  the  losses  by  a  wattmeter. 

These  methods  must  all  be  regarded  as  convenient  tests 
which  are  found  by  experience  to  give  a  good  indication  of  the 
magnitude  of  the  losses.  Method  (4)  has  the  additional  ad- 
vantage that  we  can  vary  the  relative  position  of  the  armature 
reaction  flux  and  the  pole  faces,  and  thus  investigate  the  varia- 
tion of  the  losses  in  a  single-phase  generator  with  the  power- 
factor  of  the  load. 

The  only  exact  methods  of  measuring  the  losses  are : 

1.  As  unknown  losses  in  a  motor-generator-method  efficiency 
test,  or 

2.  From  a  comparison  of  the  temperature  rise  obtained  on 
full  load  with  that  obtained  with  known  losses. 

Unfortunately,  both  of  these  tests  are  difficult  to  make 
accurately,  especially  on  a  large  machine,  and  probably  in 
practice  they  do  not  give  results  which  are  any  more  accurate 
than  the  other  methods.  So  at  the  present  time  we  have  to 
acknowledge  that  though  we  know  a  great  deal  about  the  rela- 
tive values  of  the  losses  under  various  conditions,  our  knowledge 
of  their  absolute  values  are  only  approximate. 

Pole-face  dampers.  Losses  caused  by  a  pulsating  flux  in  the 
magnetic  circuits  are  due  to : 

1.  Hysteresis. 

2.  Eddy  currents. 

And  the  relative  magnitudes  of  the  two  depend  on  the  amount 
of  solid  metal  in  the  path  of  the  flux.  If  the  whole  magnetic 
circuit  is  laminated,  then  the  losses  are  practically  all  due  to 
hysteresis.  On  the  other  hand,  if  we  have  solid  cast-steel  poles 
there  will  be  eddy  currents  in  these  poles  which  will  partly 
choke  back  the  pulsation  of  the  flux  and  the  hysteresis  loss  will 
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be  reduced.  But  in  this  case  there  will  be  eddy-current  losses 
in  addition  to  the  hysteresis,  and  the  way  in  which  the  total 
loss  is  changed  will  depend  on  the  proportions  and  design  of  the 
magnetic  circuit.  If  we  place  a  heavy  copper  damper  in  the 
path  of  the  pulsating  flux,  this  will  provide  a  low-resistance 
path  for  the  eddy  currents,  and  the  pulsating  flux,  and  conse- 
quent hysteresis  loss,  will  be  reduced  practically  to  zero,  while 
on  account  of  the  low  resistance  of  the  damper  circuit  the  eddy 
loss  will  not  be  appreciable.  The  way  in  which  the  losses  and 
the  pulsating  flux  vary  according  to  the  presence  of  eddy  cur- 
rents can  be  determined  for  any  particular  design  by  changing 
the  thickness  of  the  laminations,  or  changing  to  solid  poles  or 


Time 

Fig.  1 

dampers.  It  is  usually  found  that  the  losses  are  greatest  with 
heavy  laminations  or  solid  poles;  that  they  are  less  for  thin 
laminations,  and  practically  zero  when  heavy  low-resistance 
dampers  are  used  either  with  solid  or  laminated  poles. 

Fig.  1  shows  the  pulsation  of  the  armature  reaction  flux  in  a 
500- kw.,  single-phase,  20-pole  generator,  as  determined  by 
means  of  search-coils  wound  on  the  pole-faces.  '*  C  "  shows 
the  pulsation  for  laminated  poles.  No.  29  gauge:  **  B  "  shows 
the  same  machine  with  solid  poles:  **  A  "  shows  the  same  solid 
pole  faces  covered  with  a  J-in.  copper  plate.  The  magnitude 
of  the  pulsations  in  the  three  cases  is  about  in  the  ratio  of  from 
30  to  15  to  1;  thus  the  copper  plate  has  practically  damped  out 
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all  pulsations,  the  armature  reaction  flux  becoming  constant. 
In  practice,  a  copper  damper  usually  takes  a  form  similar  to  the 
squirrel-cage  secondary  of  an  induction  motor.  Heavy  coppei 
bars  are  dovetailed  into  the  pole  faces,  and  short-circuited  at 
the  ends  by  copper  rings  or  discs.  Fig.  2  shows  such  a  cage 
damper  on  the  field  magnet  of  a  6000-kw.,  2-pole  generator. 

The  question  of  losses  due  to  the  pulsating  armature  reaction 
in  a  single-phase  generator  may  be  considered  in  another  and 
possibly  a  simpler  way.  The  single-phase  pulsating  field  is 
equivalent  to,  and  produces  the  same  effect  as,  two  rotating 
fields  each  of  half  its  maximum  value,  one  rotating  at  the  same 
speed  and  in  the  same  direction  as  the  generator  field  magnet, 
and  the  other  rotating  at  the  same  speed  but  in  the  opposite 
direction.  The  flux  rotating  synchronously  with  the  field 
magnet,  being  constant  in  magnitude,  causes  very  little  loss. 


Fig.  2 

The  flux  rotating  in  the  reverse  direction  causes  losses  through- 
out the  whole  magnetic  circuit  due  to  hysteresis  and  eddies.  If 
we  have  a  squirrel-cage  damper  enclosing  the  field  magnets,  this 
damper  system  acts  in  regard  to  this  reverse  rotating  flux  in 
the  same  way  as  the  short-circuited  secondary  of  an  induction 
motor  or  transformer,  a  current  is  induced  in  the  damper  which 
produces  a  field  that  neutralizes  the  rotating  flux.  The  eddy 
and  hysteresis  loss  in  the  iron  of  the  magnetic  circuit  which 
would  be  caused  by  this  rotating  flux  is  thus  eliminated,  and  the 
only  loss  is  that  due  to  the  current  circulating  in  the  damper. 
If  we  make  the  conductors  forming  the  squirrel  cage  of  suffi- 
ciently low  resistance,  this  damper  loss  becomes  negligible, 
with  the  result  that  the  entire  loss  due  to  the  pulsating  arma- 
ture reaction  of  the  single-phase  jenerator  is  practically  elim- 
inated. 
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To  show  how  serious  this  matter  of  losses  becomes  in  two-pole 
single-phase  machines  without  dampers,  the  following  table 
is  given,  showing  the  losses  and  full-load  temperature  rises  on 
three  turbo-generators,  both  with  and  without  dampers: 

TWO-POLB,    25-CYCLB.    SINGLB-PHASB   GBNBRATORS.       SaMB    CURRBNT    PBR    ARMATURB 

CONDUCTOR    ONB    AND   THRBB-PHASB    UNDBR   ALL   CONDITIONS    AND    ALL 

LOSSB8   IN  PBR   CBNT.   OF   8XNCLB-PHASB   RATING 


L^ff 

Three  phase 

Single  phase 

Size 

Without  dampen 

Without 

dampers 

With 
dampers 

Loss 

Temperature 

Loss  temp. 

750  kw. 
1000  kw. 
1000  kw 

Solid 

SoUd 

Laminated 

0.53 

0.3 

0.2 

27*c. 
31*0. 
19»c. 

3.75     »5"c. 
3.0     122^0. 
3.8     150  V 

0.8     34*c. 
0.5    37*c. 
0.3     18*'c. 

It  will  be  seen  that  in  these  three  machines,  operating  single- 
phase,  there  is  due  to  the  pulsating  flux  an  average  loss  of  3.5% 
and  an  average  temperature  rise  of  125°  cent.,  without  dampers; 
with  dampers  the  average  loss  is  0.5%  and  the  temperature  rise 
30°  cent.  Figures  are  given  only  on  comparatively  small  machines 
on  accotmt  of  the  difficulty  of  measuring  losses  on  large  ma- 
chines. But  tests  on  larger  generators  up  to  6000-kw.  capacity 
show  that  the  improvement  due  to  heavy  copper  dampers  is  even 
more  striking  in  large  machines  than  it  is  in  small.  So  far  as 
experience  goes  at  the  present  time,  it  may  be  said  that  the  use 
of  such  dampers  is  the  complete  solution  of  the  difficulties  due 
to  pulsating  armature  reaction  met  with  in  large,  low-frequency, 
two-pole,  single-phase  generators. 

Mechanical  stresses  on  armature  coils.  That  it  was  necessary 
mechanically  to  brace  the  end-connections  of  the  armature 
coils  on  a  direct-current  machine  subjected  to  sudden  loads  and 
short-circuits  has  been  known  for  many  years.  But  until 
quite  recently  additional  supports  for  alternator  armature  coils 
were  seldom  provided.  The  reason  for  this  was  that  as  the  con- 
tinuous short-circuit  current  of  an  alternator  is  only  about  two 
or  three  times  normal,  it  was  not  considered  that  the  mechanical 
stresses  on  the  ends  of  the  small  pole-pitch  coils  generally  in 
use  were  sufficiently  great  to  cause  any  trouble.  Only  during 
the  last  few  years  has  it  been  demonstrated  by  experience  that 
coil  supports  on  large  pole-pitch  alternators  are  not  only  ad- 
visable but  necessary,  and  that  on  account  of  the  numerous 
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short-circuits,  they  are  particularly  necessary  on  single-phase 
machines  operating  on  traction  circuits. 

When  an  alternator  is  suddenly  short-circuited,  the  first  rush 
of  current  is  limited  only  by  the  self-induction  in  circuit.  In 
the  case  of  an  alternator  of  very  low  self-induction,  this  first 
rush  of  current  on  sudden  short-circuit  will  be  15  or  20  times 
normal  full-load  current.  As  the  mechanical  stress  on  the  end- 
connections  varies  as  the  square  of  the  current,  this  means  that 
the  stress  on  the  armature  coils  is  200  to  400  times  normal.  A 
6000-kw.,  2-pole,  25-cycle,  single-phase  generator  will  have  a 
pole  pitch  of  about  100  in.,  and  the  length  of  the  end-connection 
at  one  end  of  one  armature  coil  will  be  about  180  in.     We  find 


Fig.  3 

that  the  mechanical  stresses  on  the  end-connections  at  one  end 
of  one  armature  coil  of  this  machine  on  a  sudden  short-circuit 
is  something  like  five  tons;  and  we  usually  find  that  on  low- 
frequency  high-speed  generators  of  large  capacity  the  mechanical 
stresses  on  the  end-connections  at  one  end  of  one  armature  coil 
on  sudden  short-circuits  are  from  2  to  10  tons.  When  we  con- 
sider that  this  comes  as  a  sudden  mechanical  shock  on  the  winding, 
we  can  realize  the  kind  of  coil  supports  that  are  required,  and 
can  imderstand  the  disastrous  results  sometimes  obtained  on 
short-circuits,  when  such  supports  are  omitted. 

We  can  see  from  these  stresses  that  coil  supports  must  be  of 
metal  of  heavy  cross-section.     The  objections  to  metal  are,  of 
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course,  those  of  insulation,  but  though  coil  supports  of  wood, 
porcelain,  and  similar  insulating  materials  have  been  tried,  it  is 
easily  imderstood  that  they  have  proved  imsatisfactory  on  ma- 
chines of  large  pole  pitch.  Fig.  3  shows  a  form  of  coil  support 
which  has  been  developed  and  proved  satisfactory.  It  is  of 
bronze  and  of  heavy  girder,  section  and  insulated  for  the  full 
generator  voltage.  The  coil  support  and  its  method  of  applica- 
tion are  evident  from  the  illustration;  it  is  placed  in  position 
after  the  machine  is  woimd  and  is  removable  in  a  few  minutes 
at  any  time.  It  is  not  suggested  that  this  is  the  only  satisfactory 
type  of  coil  support  that  can  be  used ;  it  is  given  as  a  type  which 
has  proved  successful  in  actual  operation  on  machines  up  to 
10,000-kw.  capacity,  and  it  has  apparently  solved  the  difficulties 
due  to  mechanical  stresses  on  the  end-connections  of  large  pole- 
pitch  generators  w^hich  are  liable  to  sudden  variations  in  load 
and  frequent  short-circuits. 

The  two  main  difficulties  met  with  in  large  low-frequency> 
high-speed,  single-phase  generators,  which  have  been  described 
above,  can  at  the  present  time  be  regarded  as  having  been  suc- 
cessfully overcome.  The  use  of  heavy  copper  dampers  on  the 
pole  faces  and  heavy  bronze  coil  supports  applied  to  the  ends 
of  the  armature  coils  in  such  a  way  as  to  take  directly  the  me- 
chanical stresses  which  develop  on  short  circuits,  have  now 
made  such  machines  a  practical  success.  Like  every  other 
new  type  of  electrical  machinery,  the  large  turbine-driven, 
single-phase  generator  has  had  to  go  through  a  period  of  de- 
velopment, but  at  the  present  time  it  may  be  said  that  such 
generators  for  15  and  25  cycle,  and  in  units  of  5000  to  10,000  kw. 
capacity  can  be,  and  are,  built  with  the  same  success  as  that  ob- 
tained  on  standard  slow-speed  polyphase  generators. 
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APPLICATION  OF  FRACTIONAL  PITCH  WINDINGS  TO 
ALTERNATING-CURRENT  GENERATORS 


BY   JENS    BACHE-WIIG 


Fractional  pitch  windings  have  been  treated  by  various 
authors  in  the  past,  especially  with  regard  to  the  influence  they 
have  upon  the  self-induction  of  the  armature  winding.  The 
object  of  this  paper  is  to  deal  briefly  with  the  points  leading 
to  the  use  of  a  chorded  winding  for  alternating-current  generators 
from  the  standpoint  of  manufacture  and  design,  and  to  indicate 
the  influence  this  winding  has  on  the  performance  of  a  machine. 

Reasons  for  chording  the  winding.  In  general,  the  chorded 
winding  has  been  adopted  to  facilitate  the  manufacture  of  arma- 
ture windings.  As  generators  are  manufactured,  there  arc 
certain  standard  frames  used  for  a  number  of  ratings  at  different 
speeds  and  voltages.  Group  windings,  with  the  number  of 
slots  per  pole  per  phase  equal  to  an  integer,  are  generally  preferred, 
and  the  number  of  conductors  is  fixed  within  a  limited  range 
for  a  given  voltage.  This  often  necessitates  the  use  of  a  chorded 
winding  in  order  to  get  the  proper  effective  number  of  con- 
ductors. This  is  especially  the  case  for  low- voltage  machines  of 
large  size.  Further,  a  winding  often  works  out  in  such  a  way 
that  a  better  arrangement  of  conductors  in  the  slot  can  be  ob- 
tained through  chording.  A  two-  or  a  four-pole  high-speed  gen- 
erator is  another  example  where  the  chorded  winding  facilitates 
manufacture.  Such  a  machine  will  naturally  have  a  com- 
paratively small  bore,  and  if  open  slots  and  form- wound  coils  are 
used,  it  is  impossible  with  a  coil-throw  equal  to  the  po!e  pitch 
to  bring  the  coil  through  the  bore  of  the  armature  without  bend- 
ing it  entirely  out  of  shape.  The  only  solution,  therefore,  is  to 
chord  the  winding  a  sufficient  amount  to  allow  it  to  pass  through 
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the  bore.  In  this  case,  therefore,  the  chorded  winding  is  of 
great  advantage,  as  it  permits  the  use  of  form- wound  coils. 
This  may  not  hold  in  cases  where  the  coils  are  made  in 
•halves. 

With  regard  to  the  construction  of  the  end-connections  of 
form-wound  armature  coils  for  large  alternating-current  gen- 
erators, especially  for  a  generator  with  a  small  number  of  poles, 
the  space  occupied  by  the  end-connections  is  considerably  smaller 
for  a  chorded  winding  than  it  is  for  pitch,  even  taking  into 
account  the  increased  number  of  armature  conductors  made 
necessary  by  the  chord.  The  effect  of  chording  upon  the  num- 
ber of  armature  conductors  is  to  increase  the  ntimber  in  the 
ratio  of  the  sine  of  half  the  electrical  angle  between  the  two 
sides  of  the  coil,  whereas  the  length  of  the  end-connection  and 
the  distance  the  coils  build  out  decreases  directly  in  proportion 
to  the  electrical  angle.  The  result  is  a  saving  in  space.  This 
is  of  particular  benefit  to  all  two-pole  machines,  but  applies 
also  to  four-  and  six-pole  machines  above  500  kw.  It  may  also 
be  of  advantage  to  chord  the  winding  for  these  reasons  for 
smaller  machines  when  wound  for  high  voltage. 

Take,  for  example,  a  300-kw.  11, 000- volt  three-phase  500- 
rev.  per  min.  25-cycle  generator.  This  machine  has  six  poles, 
and  with  six  slots  per  pole  per  phase  will  have  108  slots  total. 
Having  form-wound  coils  with  the  coil-ends  extending  in  a 
parallel  plane  to  the  shaft,  one  coil  per  slot,  and  a  pitch  winding 
(1  and  18)  the  distance  between  the  armature  iron  and  the 
extreme  end  of  the  coils  is  approximately  16.5  in.  Between 
adjacent  coils  0.25  in.  air  space  is  provided.  Chording  this 
winding  down  to  1  and  14,  or  130  electrical  degrees,  reduces  the 
above  distance  to  approximately  14.9  in.  or  decreases  the 
width  of  the  machine  3.2  in.  The  same  winding  arranged  for 
two  coils  per  slot,  builds  out  approximately  20.5  in.  for  pitch 
winding  and  16.75  in.  for  throw  1  and  14.  This  means  a  7.5 
in.  reduction  in  all-over  width  of  the  machine.  The  width  of 
the  armature  iron  being  8  in.,  it  can  readily  be  seen  that  this 
insures  relatively  large  saving  in  space.  As  indicated  by  the  above 
dimensions,  the  winding  with  two  coils  per  slot  extends  farther 
beyond  the  armature  core  than  does  the  winding  with  one  coil 
per  slot,  and,  accordingly,  chording  the  winding  is  more  ad- 
vantageous for  a  two-coil-per-slot  winding. 

As  stated  above,  space  can  be  saved  in  the  way  the  coils  build 
out  even  for  a  six-pole,  300-kw.  machine.     As  space  is  saved, 
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the  mean  length  of  one  armature  turn  is  reduced.  On  the  other 
hand,  the  number  of  conductors  on  the  armature  is  increased, 
and  thus  a  certain  throw  will  give  the  most  efficient  winding 
in  regard  to  copper  loss  and  amount  of  copper.  Taking  the 
above  mentioned  300-kw.  generator  and  working  it  out  on  the 
basis  of  equal  iron  losses,  with  one  coil  per  slot  there  is  practically 
no  difference  in  the  weight  of  copper  with  different  throws — 
the  decrease  in  length  of  mean  turn  is  balanced  by  the  increase 
in  the  number  of  turns.  With  two  coils  per  slot  there  is  a  saving 
of  approximately  25%  in  the  weight  of  copper  and  of  copper 
loss  in  favor  of  the  chorded  winding  having  coils  lying  in  slots 
1  and  14  over  the  pitch  winding  having  coils  lying  in  slots  1 
and  19.  The  gain  by  reducing  the  throw,  therefore,  amounts 
to  gaining  space  for  the  one-coil-per-slot  winding  only,  and 
means  a  saving  in  space  and  a  reduction  in  copper  loss  and 
weight  of  copper  as  well  for  the  two-coil-per-slot  winding. 

As^mentioned  above,  the  winding  with  two  coils  per  slot  builds 
out  farther  than  does  the  winding  with  one  coil  per  slot,  and  the 
comparison  between  the  pitch  winding  and  the  chorded  winding 
will,  therefore,  show  up  more  in  favor  of  the  winding  with  two 
coils  per  slot. 

As  the  six-pole  300  kw.  generator  here  referred  to  is  a  com- 
paratively small  machine,  it  is  evident  that  for  large  generators, 
or  generators  with  a  smaller  number  of  poles,  the  above  figures 
will  show  up  still  more  favorably  for  the  chorded  winding;  the 
example  indicates  that  even  down  to  this  size  of  machine  it  is 
advantageous  to  chord  the  winding. 

One  may  say  that  chording  the  winding  is  to  take  the  copper 
out  of  the  end-connections  and  put  it  in  the  slots,  which  is 
another  point  in  favor  of  the  chorded  winding,  for  it  is  easier 
to  get  rid  of  the  heat  in  that  part  of  the  coil  which  is  imbedded 
in  iron  than  it  is  to  cool  the  end-connections  of  the  winding. 
The  ventilating  conditions,  therefore,  are  often  improved  by 
chording.  As  above  stated,  this  applies  particularly  to  large 
machines  and  windings  having  a  comparatively  large  throw. 

It  is  stated  above  that  the  length  of  the  end-connections  de- 
creases in  proportion  to  the  chord  and  that,  even  if  the  weight 
of  the  copper  is  not  decreased,  the  chording  has  the  effect  of 
decreasing  the  amount  that  the  coil-ends  build  out.  As  the 
question  of  bracing  the  coil-ends  of  a  generator  with  a  small 
number  of  poles  and  a  large  throw  is  of  great  importance,  it  will 
readily  be  seen  that  shortening  the  end-connections  is  a  great 
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benefit  in  this  respect;  it  makes  them  stiffer,  so  that  even  if 
coil  supports  are  used,  both  in  the  case  of  pitch  winding  and 
chording,  the  chorded  winding  is  superior  in  mechanical  strength. 

It  may  be  argued  in  connection  with  the  above  that  a  chorded 
winding  requires  heavier  insulation  of  the  end-connections  than 
does  a  pitch  winding  as  the  phases  are  intermixed  and  points 
of  higher  potential  are  brought  together.  As  a  rule  it  is  true 
that  a  chorded  winding,  will  have  more  points  of  higher  poten- 
tial between  adjacent  coils  than  will  a  pitch  winding,  but  con- 
sidering that  the  coil-ends  for  larger  generators  always  should 
be  arranged  with  an  air-space  between  adjacent  coils,  and 
further  that  they  are  braced  and  prevented  from  touching 
one  another,  in  only  extreme  cases  will  it  be  necessary  to  pro- 
vide for  any  extra  heavy  insulation.  In  an  ordinary  pitch  wind- 
ing, points  of  high  potential  are  brought  together  at  the  bep^inning 
of  the  phases.  As  a  rule  no  extra  heavy  insulation  is  provided 
for  at  such  points.  Considering  the  part  of  the  coil  lying  in  the 
slot,  even  if  the  full-line  voltage  exists  between  two  coils  in  one 
slot,  it  should  not  cause  any  trouble  as  each  coil  is  already  in- 
sulated against  ground. 

The  effect  of  chorded  winding  upon  armature  reaction.  As,  for 
a  given  voltage,  the  effective  number  of  turns  must  be  the  same 
whether  the  winding  is  pitch  or  chorded,  the  effective  number 
of  armature  ampere-turns  is  also  the  same  in  both  cases;  conse- 
quently the  demagnetizing  effect  will  remain  practically  un- 
changed. The  chord,  however,  has  an  influence  upon  the  self- 
induction  of  the  machine.  This  effect  is  very  much  the  same 
as  in  the  case  of  an  induction  motor,  a  subject  considered  at 
length  in  a  paper  read  before  the  Institute.*  The  reducing  in- 
fluence of  the  chording  upon  the  slot  leakage,  the  tooth- tip 
leakage,  and  the  coil-end  leakage,  as  pointed  out  in  that  paper, 
could  be  applied  to  similarly  wound  alternating-current  gener- 
ators. In  many  cases,  however,  the  self-induction  does  not  have 
much  influence  upon  the  short-circuit  ratio,  as  it  is  small  com- 
pared with  the  demagnetizing  ampere-turns,  and,  consequently, 
a  change  in  self-induction  will  not  change  the  short-circuit  ratio 
to  any  extent,  so  that  in  ordinary  cases  the  self-induction  can 
be  figured  without  considering  the  chord.  There  are  cases, 
however,  where  the  decrease  of  the  self-induction  due  to  the 

♦  Fractional  Pitch  Windings  for  Induction  Motors,  by  C.  A.  Adams, 
W.  K.  Cabot  and  G.  A.  Irving,  Jr.,  Niagara  Falls,  June  28,  1907. 
fluence  of  the  chording  upon  the  slot  leakage,  the  tooth-tip 
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chording  of  the  winding  has  to  be  carefully  considered.  One 
such  case  is  when  a  delta  connection  is  used  for  a  three-phase 
generator  with  chorded  winding  with  two  coils  per  slot.  It  is  a 
well  known  fact  that  when  the  wave-form  is  not  a  sine,  the 
third  harmonic  present  in  such  a  winding  causes  current  to 
flow  round  the  delta.  In  most  cases  these  currents  are  small 
and  the  loss  due  to  them  is  negligible.  This,  however,  does  not 
hold  in  the  case  referred  to;  for  as  the  same  current  flows  in  the 
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Fig.  I 

three  legs  of  the  delta  through  all  the  coils  in  succession  the  slot 
and  the  tooth-tip  leakage  is  eliminated  for  those  slots  in  which 
the  current  flows  in  opposite  directions,  thus  reducing  the  self- 
induction  of  the  circuit.  The  self-induction,  however,  is  the 
main  thing  that  opposes  the  flow  of  this  current,  and  thus  it 
can  easily  be  seen  that  when  the  chording  of  a  delta-connected 
winding  is  carried  out  in  such  a  way  that  the  third  harmonic  is 
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present  in  the  winding,  it  will  set  up  an  internal  circulating  current. 
A  one-coil-per-slot  winding  with  the  same  chording  will  have  .far 
less  influence  upon  the  local  currents  flowing,  as  in  this  case  the 
sides  of  the  coils  opposing  each  other  do  not  lie  in  the  same  Slorts. 
It  may  be  added  that  the  chording  of  a  two-coil-pcr-slot 
winding  has  also  some  influence  upon  the  eddy-current  los^s 
set  up  in  the  armature  conductors.  As  is  well  known,  eddy- 
current  losses  are  set  up  in  the  conductors,  and,  in  cases  of  large 
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copper  section  are  considerable.  The  chording  has  the  effect  of 
bringing  conductors  belonging  to  different  phases  into  the  same 
slots,  and  thus  the  currents  flowing  in  these  conductors  are  not 
in  phase,  which  again  tends  to  reduce  the  eddy-current  losses. 
The  effect  of  the  chorded  winding  upon  the  wave-form.  If  the 
field  form  of  the  generator  follows  a  sine  wave,  the  chording  of 
the  armature  winding  will  not  change  the  form  of  the  electro- 
motive force  wave;  the  wave-form  will  remain  a  sine  wave.  The 
more  the  field  form  departs  from  the  true  sine  wave,  the  more 
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will  the  influence  of  the  chord  show  up  in  the  shape  of  the  wave- 
form. In  the  case  of  high-speed  generators  with  a  small  num- 
ber of  poles,  it  is  often,  for  mechanical  reasons,  not  possible 
to  bevel  the  poles  at  all,  or  else  it  is  not  possible  to  bevel  the 
poles  in  such  a  way  as  to  give  a  smooth  field  form  approximating 
a  sine  curve.  At  the  same  time  a  generator  having  a  small 
number  of  poles  will  usually  have  a  large  ntunber  of  slots  per  pole 
per  phase,  so  that  this  will  tend  to  smooth  out  the  wave-form 
and  make  it  approximately  a  sine  wave. 
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Considering  a  generator  having  a  cylindrical  field  construc- 
tion, as  in  the  case  of  a  two-pole  turbo-generator,  the  field  form 
will  be  approximately  as  shown  in  Fig.  1,  curve  1.  For  this 
filed  form  the  electromotive  force  wave-forms  are  plotted  in 
Fig.  1  for  a  three-phase  Y-connected  winding  having  four  slots 
per  pole  per  phase ;  the  wave  forms  are  plotted  for  pitch  winding 
and  for  chord  winding:  1  and  10,  1  and  8,  and  1  and  6.  It  will 
be  seen  that  the  chord  1  and  10  improves  the  wave-form,  but 
that  1  and  8,  and  1  and  6,  are  distorted. 

For  the  same  winding  and  the  same  throws,  the  wave-forms 


Digitized  by  VjOOQIC 


1084 


BACHE'WIIG:  PITCH  WLWDIXGS 


[July  1 


of  each  leg  are  plotted  in  Fig.  2;  these  wave-forms  would  also 
be  obtained  when  connecting  the  winding  in  delta.  As  is  to  be 
expected,  these  wave-forms  are  in  all  cases  considerably  more 
distorted  than  those  shown  in  Fig.  1  and  indicate  the  influence  of 
the  higher  harmonics. 

Figs.  3  and  4  show  the  wave-forms  for  the  same  field  forms  and 
same  number  of  slots  per  pole  per  phase  when  the  v/inding  is  con- 
nected in  Y  and  dielta,  but  with  two  coils  per  slot.  As  the  phases 
by  these  combinations  are  more  distributed  over  the  pole  face, 
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the  wave-forms  are  less  distorted  than  for  the  one-coil-per-slot 
ivinding;  in  the  case  of  the  Y  connection  the  shape  of  the  wave 
approximates  as  nearly  a  sine  for  the  chord  1  and  6  as  it  does 
:or  the  pitch  winding.  The  wave-forms  in  Fig.  4,  however, 
show  evidence  of  higher  harmonics  of  similar  nature,  but  less 
pronounced  than  the  one-coil-per-slot  winding,  Fig.  2. 

As  noted  above,  these  wave-forms  are  plotted  for  a  nearly 
rectangular  field-form.  It  is  therefore  evident  that  the  chord 
has  a  more  pronounced  influence  upon  the  wave-fonn  tlian  would 
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be  the  case  if  the  field  form  would  more  nearly  approximate  a 
sine  curve.  However,  it  is  evident  that  the  chord  does  have  an 
influence  upon  the  wave-form,  and  when  chorded  windings  are 
used  the  wave-form  should,  therefore,  be  considered. 

Conclusion.  In  determining  the  most  efficient  amount  of 
chording,  so  many  points  are  to  be  considered  in  each  case  that 
no  general  rules  can  be  formulated.  In  cases  where  the  chord 
is  not  made  necessary  solely  for  mechanical  reasons,  the  most 
efficient  chord  will  depend  upon  the  number  of  poles,  the  ratio 
of  pole-pitch  to  pole-length,  the  voltage,  and  the  size  of  machine. 
These  must  be  worked  out  in  each  individual  case.  The  reasons 
then  for  chording  the  winding  are: 

1.  To  obtain  the  proper  number  of  effective  turns. 

2.  To  enable  form-wound  coils  to  be  used  in  generators  of 
small  bore  and  few  poles. 

3.  To  reduce  the  space  occupied  by  the  end-connections. 

4.  To  improve  ventilation. 

5    To  save  copper  and  insulation. 
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Discussion  on  "  A  Nbw  Large  Generator  for  Niagara 
Falls  ",  ^'Application  of  Fractional-Pitch  Windings  to 
Alternating-Current  Generators  ",  and  "  Modern  De- 
velopments IN  Single-Phase  Generators."  Atlantic 
City,  N.  J.,  July  1,  1908 

Wm.  J.  Foster:  There  are  two  or  three  points  in  connection 
with  the  generator  described  by  Mr.  Behrend  to  which  I  would 
like  to  call  attention.  I  think  that  in  many^  respects  it  is  a 
most  remarkable  machine.  The  efficiency  as  given  by  Mr. 
Behrend  in  the  tabulation  is  something  unusual,  when  we  con- 
sider that  it  is  a  generator  of  12,000  volts.  I  would  like  to 
point  out  how,  in  my  opinion,  the  high  efficiency  has  been 
attained. 

The  writer  of  this  paper  has  given  u^  a  complete  assembly 
drawing.  It  seems  to  me  that  it  will  be  of  great  value  to  the 
professors  and  representatives  of  our  educational  institutions 
to  have  such  complete  data  giving  every  essential  dimension. 
From  the  curves  showing  the  characteristics,  taken  in  connec- 
tion with  the  assembly  drawings,  it  is  apparently  possible  to 
reproduce  the  windings  exactly.  The  first. thing  I  notice  is  the 
remarkably  small  amount  of  magnetic  material  in  the  armature, 
which  results  in  a  rotor  of  unusually  small  weight,  considering 
the  output  of  the  machine.  Mr.  Behrend  has  taken  a  step  in 
advance  over  all  other  designers  in  this  respect.  The  reduction 
of  magnetic  material  is  something  that  is  to  be  striven  for  and 
.  that  can  be  accomplished,  provided  we  can  take  care  of  the 
heating,  which  is  what  has  troubled  all  of  us  heretofore.  The 
amperage  in  the  slots  of  this  armature  is  very  high,  considering 
the  potential,  but  Mr.  Behrend  says  the  temperatures  are  very 
low,  hence  it  would  appear  that  the  problem  has  been  solved. 

A  word  further  with  reference  to  the  efficiency.  What  used 
to  be  called  the  electrical  efficiency  is  evidently  given,  but  it 
does  not  include  a  percentage  of  the  load  losses.  It  simply  in- 
cludes the  core  losses,  which,  according  to  the  curve,  are  75  kw., 
or  only  about  one  per  cent. 

The  efficiency  is  unusually  high,  and  has  been  attained,  in 
my  judgment,  by  using  an  extremely  high  armature  reaction 
for  a  12,000- volt  machine.  If  you  increase  the  armature  reaction 
twenty-five  or  thirty  per  cent,  as  I  consider  has  been  done 
in  this  case,  you  attain  a  very  high  efficiency,  much  higher  than 
has  been  attained  heretofore.  But  this  requires  a  different 
design  of  the  rotor,  involving  a  heavier  pole.  It  is  evident  on 
the  face  of  it  that  the  pole  must  be  of  greater  length,  to  take 
care  of  the  increased  ampere  turns.  It  must  be  lengthened 
about  as  the  square  of  the  ampere  turns,  hence  I  consider  the 
pole  forty  or  fifty  per  cent  longer  than  the  usual  type.  This 
lengthening  can  be  accomplished  only  by  an  unusually  strong 
construction  in  the  rotor,  which  Mr.  Behrend  dwells  upon  in 
his  curves  pertaining  to  the  peculiar  disc  construction  and  in 
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his  discussion  of  the  characteristics  of  the  nickel  steel.  I  am 
especially  glad  to  see  that  nickel  steel  can  also  be  obtained  of 
such  high  permeability.  This  is  another  thing  which  appeals  to 
the  designer  as  a  step  forward,  namely,  to  be  able  to  obtain  nickel 
steel  with  high  characteristics  mechanically,  and  at  the  same 
time  very  high  in  its  magnetic  properties. 

In  the  matter  of  windage,  I  am  somewhat  disappointed  in 
this  machine.  The  curve  showing  the  variation  of  the  friction 
and  windage  with  the  speed  is  a  peculiar  one.  You  will  notice 
how  rapidly  these  factors  go  up  with  increased  speed.  At 
300  rev.  per  min.  it  is  nearly  five  times  what  it  is  at  half  that 
speed.  If  it  continues  to  go  up  at  that  rate  it  will  take  300 
or  400  kw.  to  drive  the  generator  at  the  runaway  speed.  It 
seems  to  me  that  eddies  exist  and  that  the  most  of  the  windage 
is  really  lost,  as  far  as  cooling  effect  is  concerned.  What  takes 
place  as  the  speed  increases  is  that  a  new  set  or  system  of  eddies 
is  established,  requiring  more  and  more  energy  to  enable 
the  speed  to  be  obtained.  When  we  take  into  account  the 
friction  and  windage  losses  in  connection  with  the  electrical 
losses  and  the  load  losses,  it  seems  to  me  there  is  not  very  much 
gain  in  commercial  efficiency  on  this  machine. 

The  reduction  in  magnetic  material  does  result  in  assisting 
the  problem  of  the  bearings,  but  the  bearings  must  be  very 
conservative  with  the  pressure  per  square  inch  as  mentioned, 
and  the  rubbing  speed  so  conservative.  This  same  diameter 
of  shaft  is  in  use  on  many  generators  running  at  400  revolutions 
with  which  I  am  acquainted.  Hence,  the  bearings  problem 
in  this  Niagara  generator  is  not  especially  difficult. 

B.  A.  Behrend:  I  have  made  the  efficiency  on  the  basis  of 
short-circuit  and  core  losses,  but  not  including  friction  and 
windage,  one-third  of  the  short-circuit  losses. 

Wm.  J.  Foster:  In  working  up  efficiencies  it  has  been  custo- 
mary to  take  one-third  of  the  short-circuit  losses  as  the  "  load 
losses."  I  think  the  Institute  should  appoint  a  committee  to 
consider  whether  that  is  the  correct  value  to  take  for  the  load 


L.  Schuler  (by  letter) :  When  the  first  large  turbo-alternators 
for  single-phase  current  were  designed  about  two  years  ago  by 
the  Pelten  &  Guilleaume-Lahmeyerwerke,  the  question  of 
avoiding  losses  by  the  pulsating  armature  reaction  was  carefully 
considered.  It  was  clearly  understood  that  a  minimum  of 
losses  could  be  attained  .either  by  perfectly  laminating  the 
field  or  by  providing  heavy  dampers,  but  we  were  at  that  time 
not  quite  sure  which  way  would  be  best.  We  therefore  made 
the  following  experiment:  An  ordinary  three-phase  induction 
motor  with  slip-rings  was  coupled  to  a  direct-current  motor 
and  used  as  a  single-phase  generator  by  exciting  one  stator- 
phase  with  direct  current.  The  other  two  stator  phases  could 
be  connected  to  a  variable  resistance.  Twd  slip-rings  were 
short-circuited  so  that  the  whole  arrangement  represented  a 
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single-phase  generator  with  stationary  laminated  field,  working 
under  short-circuit.  The  two  stator  phases  not  used  for  excita- 
tion acted  as  *'  dampers  "  when  short-circuited.  By  opening 
these  phases  or  closing  them  through  the  variable  resistance  it 
was  possible  to  work  the  generator  with  perfectly  laminated 
field  or  with  dampers  of  variable  resistance.  The  losses  were  de- 
termined by  the  energy  consumed  by  the  direct-current  motor. 
The  curve,  Fig.  1,  was  taken  with  constant  armature  current. 
It  shows  clearly  that  with  single-phase  load  the  hysteresis  loss 
in  a  perfectly  laminated  field  is  much  larger  than  the  total 
hysteresis  and  eddy-current  loss  with  low-resistance  dampers, 
We  therefore  used  heavy  dampers  in  all  single-phase  generators. 
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for  which  we  adopted  the  design  shown  in  the  sketch,  Fig.  2, 
which  has  given  full  satisfaction. 

F.  H.  Clough  (by  letter) :  I  have  read  Mr.  Waters's  paper 
with  considerable  interest,  as  probably  most  of  us  who  have 
attempted  the  design  of  single-phase  generators  for  coupling  to 
steam  turbines  have  experienced  the  difficulties  described  and 
have  endeavored  to  eliminate  the  deleterious  effects  of  single- 
phase  armature  reaction.  As  the  author  suggests,  the  simplest 
way  of  looking  at  the  matter  is  to  regard  the  armature  mag- 
netization as  consisting  of  two  components,  each  of  half  the 
maximum  value  and  revolving  in  opposite  directions. 

If  the  rotor  is  provided  with  a  complete  squirrel-cage  winding, 
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the  machine  can  then  be  regarded  as  a  single-phase  squirrel-cage 
induction  motor.  The  currents  in  the  rotor  bars  under  these 
conditions  are  such  that  taken  in  conjunction  with  the  armature 
reaction  of  the  stator  a  uniformly  rotating  field  is  produced. 
If  the  machine  be  assumed  to  be  nmning  at  synchronous  speed, 
the  rotor  will  be  stationary  with  regard  to  the  field,  and,  there- 
fore, an  additional  exciting  winding  supplied  with  continuous 
current  can  be  placed  on  the  rotor.  By  this  means  we  come 
to  the  single-phase  alternator  as  described  in  the  paper. 

The  company  with  which  I  am  associated  recently  built  a 
1,000-kw.  generator  of  this  type,  and  its  operation  has  been 
entirely  satisfactory.  The  squirrel-cage  winding'  consists  of 
copper  bars  carried  in  slots  round  the  periphery  of  the  rotor 
and  short-circuited  at  their  ends  by  the  brass  rings  used  for 
retaining  the  exciting  winding:  By  this  means  a  very  compact 
structure  is  obtained. 

Before  building  this  machine,  some  experiments  were  made 


withja^slip-ring  type  of  induction  motor,  a  description  of  which 
may'be*^  of  interest.  The  stator  of  this  motor  had  been  wound 
with  two  conductors  in  parallel  in  the  same  slot,  and  for  the 
purposes  of  this  test  these  two  windings  on  the  stator  were 
kept  entirely  separate.  Fig.  1  shows  the  arrangement  of  the 
windings.  Exciting  current  was  supplied  through  the  winding 
A  J  B  and  single-phase  current  taken  from  the  two  slip-rings 
of  the  rotor  G  and  H,  The  other  winding  D  E  F  of  the  stator 
was  short-circuited  through  ammeters.  The  short-circuit  rotor 
current  produced  for  a  given  excitation  with  and  without  the 
winding  D  E  F  closed  is  shown  in  Fig.  2.  In  Fig.  3  is  shown- 
the  single-phase  short-circuit  core  loss  with  and  without  this 
winding  short-circuited.  The  short-circuit  current  in  winding 
D  E  F  agreed  very  closely  with  the  value  expected,  and  conse- 
quently allowed  the  size  of  the  squirrel-cage  winding  on  the 
main  alternator  to  be  accurately  determined. 

I  agree  with  the  author  that  this  squirrel-cage  winding  forms 
a  complete  solution  to  the  troubles  experienced  with  single-phase 
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turbo-generators.  In  addition  to  the  reduction  in  the  core 
loss,  it  will  be  noticed  from  Fig.  2  that  the  reactance  has  been 
reduced  to  a  very  great  extent,  so  that  a  machine  with  this 
type  of  rotor — apart  from  the  P  R  losses  in  the  squirrel-cage 
winding,  which  are  small — can  be  wound  to  give  the  same 
output  three-phase  or  single-phase  with  approximately  the  same 
efficiency  and  regulation. 

With  regard  to  the  second  portion  of  the  paper,  the  method 
of  securing  the  stator  coils,  although  apparently  mechanically 
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sound,  appears  to  be  open  to  two  objections:  first,  the  difficulty 
of  ventilation,  although  perhaps  this  may  not  be  serious;  sec- 
ond, that  the  coils  are  set  back  a  long  way  from  the  rotor. 
This  location  of  the  coils  would  tend  to  increase  the  self-induc- 
tion of  the  latter  considerably,  as,  although  the  medium  sur- 
rounding the  coils  is  only  air,  still  the  area  of  the  magnetic 
path  for  a  machine  such  as  the  one  described  by  the  author 
is  very  big,  and  it  will  probably  be  found  that  such  a  winding 
causes   a   considerably   higher  self-induction   than   a   winding 
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which  is  brought  out  in  the  form  of  a  barrel  closely  surrounding 
the  end  connections  of  the  rotor. 

Chas.  P.  Steinmetz:  Since  the  question  of  single-phase  alter- 
nators has  come  up,  I  desire  to  call  attention  to  another  way 
of  accomplishing  the  same  result  of  operating  a  single-phase 
load  on  a  big  alternator,  without  the  objectionable  features  of 
the  single-phase  machine.  This  way  is  by  using  a  polyphase 
alternator,  that  is,  making  the  machine  polyphase  and  storing 
the  energy  of  the  quadrature- phase. 

The  arrangement  discussed  by  Mr.  Waters  is  essentially  a 
squirrel-cage  winding  on  the  field  poles,  or  an  equivalent  thereto, 
in  which  currents  are  induced  by  the  pulsation  of  the  armature 
reaction,  thereby  giving  the  quadrature  magnetomotive  force, 
that  is,  the  polyphase  armature  reaction.  Theoretically,  to 
effect  this  result  completely  would  require  a  copper  cross-section 
in  the  squirrel-cage  winding,  or  in  the  dampers,  infinitely  large 
compared  with  the  armature  section,  as  otherwise  you  get 
additional  losses.  If  you  give  the  dampers  the  same  total  sec- 
tion as  the  armature  winding,  to  produce  quadrature  polariza- 
tion, it  means  that  you  get  the  same  (or,  at  any  rate,  not  greatly 
differing)  losses  in  the  dampers  as  in  the  armature;  in  other 
words,  you  about  double  the  P  R  loss. 

This  method,  however,  although  it  eliminates  the  pulsation 
of  the  field,  and  so  also  the  losses  in  the  field  due  to  pulsation, 
does  not  eliminate  pulsating  strains  on  motor  shaft  and  re- 
volving machine,  because  the  power  is  still  pulsating;  and  where 
you  come  to  very  low  frequencies,  of  fifteen  to  ten  cycles,  in  very 
large  machines,  such  as  have  been  proposed,  the  enormous 
pulsation  between  zero  and  maximum  power  may  become 
objectionable. 

One  way  of  eliminating  this  pulsation  I  will  outline  very 
briefly.  Suppose  you  have  a  single-phase  load  of,  say,  thirty 
degrees  lag,  corresponding  to  average  conditions  of  a  single- 
phase  railroad.  Suppose  you  take  a  three-phase  machine  and 
put  the  load  on  one  phase.  Now,  connect  across  another  phase 
a  reactive  coil,  to  store  the  energy  in  the  reactance.  In  the 
load  the  current  lags  thirty  degrees  behind  the  voltage,  and 
the  curve  of  power  then  is  pulsating  with  double  frequency, 
with  a  maximum  15  degrees  behind  that  of  the  voltage.  The 
electromotive  force  in  the  reactive  coil  is  lagging  behind  the 
electromotive  force  on  the  load  by  60  degrees,  being  the  other 
phase.  The  current  in  the  reactive  coil  lags  90  degrees  behind 
its  electromotive  force,  and  the  power  of  the  reactive  coil  being 
pulsating  (or  rather  alternating)  with  double  frequency,  has  a 
maximum  45  degrees  behind  the  voltage — a  negative  maximum, 
corresponding  to  power  return,  45  degrees  ahead  of  the  voltage. 
Now,  you  see  what  happens.  As  the  voltage  on  the  reactive 
coil  lags  60  degrees  behind  the  load,  the  negative  maximum 
of  power  in  the  reactive  coil,  45  degrees  ahead  of  its  voltage, 
coincides  with  the  power  maximum  of  the  load,  which  is  15 
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degrees  behind  its  voltage.  Superimposing  then  the  alternating 
power  of  the  reactive  coil  on  the  pulsating  power  of  the  load, 
you  get  constant  power;  that  is,  on  the  alternator  by  such  a 
combination  you  can  get  constant  uniform  polyphase  load  with  a 
single-phase  external  load,  by  a  reactive  coil  displaced  in  phase 
by  60  degrees,  storing  energy,  and  returning  it  in  the  single- 
phase  system. 

If  you  look  at  the  distribution  of  current,  you  will  find  that 
one  generator  coil  carries  only  the  load  current,  lagging  60 
degrees  behind  the  voltage  of  this  coil,  or  Y  voltage;  one  gen- 
erator coil  carries  only  the  reactance  current,  also  60  degrees 
lagging  behind  the  voltage  of  the  coil;  and  the  third  coil  carries 
the  resultant  of  the  load  current,  in  phase  with  the  coil,  and 
the  reactive  current,  lagging  120  degrees,  so  combining  to  a 
resultant  current  of  60  degrees  lag.  In  other  words,  all  three 
coils  carry  equal  currents  of  equal  phase  displacements.  In 
short,  the  machine  becomes  a  perfect  polyphase  alternator, 
in  armature  reaction,  in  stresses,  and  in  everything,  but  is 
storing  power  during  a  part  of  the  cycle,  to  return  it  into  the 
single-phase  system  during  the  other  part. 

This  arrangement  may  be  used  occasionally,  and  may  become 
necessary,  if  we  have  to  come  to  the  use  of  very  low  frequencies. 

W.  L.  Waters:  Referring  to  Mr.  Steinmetz's  comments  on  my 
paper  on  single-phase  generators:  The  system  of  balancing  the 
load  on  a  single-phase  generator  advocated  by  Mr.  Steinmetz  was, 
as  a  matter  of  fact,  the  first  method  which  was  suggested  for  over- 
coming troubles  due  to  heating  and  loss  of  efficiency  mentioned 
in  my  paper.  Mr.  Steinmetz's  scheme  is  shown  in  the  sketch. 
Phase  A  oi  di  three-phase  generator  carries  the  single-phase 
load,  this  load  being  usually  that  of  a  single-phase  traction 
system.  Phase  B  carries  a  choke-coil,  which  at  the  full  voltage 
of  the  machine  has  a  charging  current  equal  to  the  single-phase 
rated  load  of  the  generator  and  a  power  factor  of  87  per  cent. 
As  Mr.  Steinmetz  has  shown,  if  the  current  in  the  choke-coil  B 
is  equal  to  the  current  on  the  loaded  phase  A ,  and  if  the  current 
in  phase  A  has  a  lag  of  30  deg.  behind  its  electromotive  force, 
then  the  currents  in  the  three  phases  of  the  generator  will  be 
equal  in  magnitude  and  in  phase,  that  is,  the  load  on  the  gen- 
erator will  be  a  perfectly  balanced  three-phase  load.  That  this 
method  of  balancing  the  load  on  a  single-phase  generator  is 
only  of  theoretical  interest  is  at  once  evident  when  we  consider 
that  the  load  on  such  a  single-phase  generator  varies  continu- 
ally, both  in  magnitude  and  in  power  factor.  If  the  choke-coil 
B  is  adjusted  so  as  to  balance  the  generator  when  phase  A 
carries  full  load  and  power  factor  of  87  per  cent,  then  as  soon 
as  the  load  changes  from  this  value  and  power  factor,  the  ma- 
chine becomes  unbalanced.  If  the  load  falls  off  to  a  very  low 
value,  then  the  generator  will  be  as  badly  unbalanced  and  will 
heat  just  as  much  as  it  would  if  running  on  full  single-phase 
load  without  the  choke-coil.     Thus  we  can  see  that  even  if  we 
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use  such  a  choke-coil,  we  would  also  require  dampers  on  the  pole 
faces  when  operating  such  a  machine  under  the  practical  con- 
ditions of  varying  load.  Such  a  choke-coil  can  only  be  adjusted 
for  one  particular  value  of  the  current,  and  can  only  be  ad- 
justed for  one  power  factor — otherwise  two  choke-coils  must  be 
used.  Thus  we  can  see  that  the  choke-coil  would  have  little 
value  in  practice.  It  also  has  numerous  disadvantages.  As  it 
loads  all  the  phases  of  the  generator,  it  thus  decreases  the 
latter's  efficiency  and  raises  its  temperature  without  increasing 
the  output  in  any  way.  The  cost  of  such  a  choke-coil  would 
be  substantially  equal  to  the  cost  of  the  generator,  while  the  ad- 
dition of  dampers  only  increases  the  cost  about  10  per  cent. 
We  have  greater  complication,  more  chance  of  breakdown, 
lower  efficiency,  and  an  arrangement  which  is  only  good  for 
one  particular  value  of  the  load  and  power  factor.  Thus  I 
think  it  is  not  difficult  to  see  why  this  choke-coil  method  was 
considered  as  being  of  only  theoretical  interest  and  as  having 
no  practical  value  compared  with  the  simple,  efficient,  reliable, 
and  universal  method  of  applying  heavy  dampers  to  the  field 
magnets,  as  described  in  my  paper. 


Fig.l 


Mr.  Behrend,  begins  by  discussing  the  stresses  in  rotating 
disks  and  rings.  The  general  statements  made  by  him  have 
been  well  known  for  the  past  twenty  or  thirty  years,  although 
there  has  not  been  any  great  necessity  to  apply  them  to  elec- 
trical machinery,  as  high-speed  units  are  only  of  comparatively 
recent  date.  A  large  number  of  approximate  formulas  have 
been  worked  out  by  various  engineers  for  calculating  the 
stresses  in  rotating  disks  and  rings,  most  of  them  making 
various  assumptions  to  simplify  the  problem.  The  most  ac- 
curate of  these  formulas  is  the  one  given  by  Professor  Ewing 
in  his  treatise  on  **  Elasticity  ".  Mr.  Behrend,  however, 
evidently  figured  his  curves  given  in  Fig.  7  from  some  formula 
which  is  only  roughly  approximate,  as  they  differ  10  or  15 
per  cent  from  the  stresses  given  by  the  most  accurate  formulas. 

The  generator  described  by  Mr.  Behrend  is  a  6500-kw., 
300-rev.  per  min.,  12,000-volt,  25-cycle,  water-wheel  driven 
alternator.  The  speed  of  this  generator  is  comparatively 
high  for  a  large  water-wheel  driven  alternator,  but  is  of 
very    moderate    speed    compared    to    steam-turbine     driven 
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units,  as  there  are  a  number  of  generators  of  this  size  operating 
to-day  at  1500  rev.  per  min.,  that  is,  five  times  the  speed  of  the 
generator  described  by  Mr.  Behrend.  We  can  therefore  see 
that  the  question  of  designing  such  a  generator  would  not  mean 
dealing  with  any  new  problems,  but  would  simply  mean  choosing 
the  design  most  suitable  for  this  particular  unit  from  a  number 
of  existing  designs  which  have  been  thoroughly  tried  out.  Mr. 
Behrend  omits  the  electrical  design  entirely,  merely  giving  us 
the  performance  of  the  machine;  but  he  goes  into  the  mechanical 
design  in  detail,  and  therefore  I  think  we  can  assume  that  the 
latter  is  considered  exceptionally  good  and  that  criticism  is 
invited. 

The  construction  adopted  is  a  center  disk  of  forged  nickel 
steel  without  a  hole  in  the  center  and  with  two  forged  nickel- 
steel  rings,  one  on  either  side,  and  laminated  poles  dovetailed 
into  the  circumference.     Before  an  opinion  can  be  formed  as 


FigJi 


to  the  suitability  of  this  construction,  an  idea  must  be  obtained 
as  to  the  distribution  of  stresses  throughout  the  field  structure. 
As  the  stresses  figured  out  considerably  too  high  for  conservative 
practice,  the  precaution  was  taken  of  having  them  checked 
before  any  opinion  was  formed.  Considering  first  the  tan- 
gential stresses  in  the  disk,  Mr.  Behrend's  curves  give  approxi- 
mately the  stresses  in  a  disk  of  uniform  thickness;  but  taking 
the  disk  used  in  this  generator,  as  shown  in  Fig.  5,  it  will  be 
seen  that  its  thickness  is  by  no  means  uniform.  The  side  rings 
are  registered  into,  and  bolted  to,  the  center  disk,  evidently  in 
order  that  the  center  disk  might  strengthen  the  side  rings  as 
much  as  possible,  and  the  result  of  this  design  is  a  disk  virtually 
32 i  in.  wide  at  the  circumference  and  thinned  down  to  4  in.  at 
the  center.  We  see  from  Mr.  Behrend's  curves  that  even  in  a 
disk  of  uniform  thickness  the  maximum  stress  in  the  disk  is  at 
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the  center,  and  in  this  machine  we  have  4  inches  in  the  center 
of  the  disk  carrying  the  maximum  stress  due  to  the  32i-in.  rim, 
and  the  poles.  The  stress  at  the  center  of  the  disk  at  500  rev. 
per  min.  figures  out  about  35,000  lb.  per  square  inch,  which  is 
more  than  double  the  stress  in  the  rim.  From  the  drawing  we 
see  that  the  shaft  is  registered  into  the  disk  at  the  center,  and 
that  in  order  to  accomplish  this  registering  the  thickness  of  the 
disk  has  been  reduced  to  about  one-third,  this  thinning  down 
being  done  by  approximately  right-angle  variations  in  the 
thickness  of  the  disk.  The  result  of  this  design  is  that  the 
stresses  as  estimated  above  are  by  no  means  uniformly  dis- 
tributed, and  will  probably  run  up  considerably  higher  than 
the  estimated  35,000  lb',  per  square  inch  around  the  sharp 
corners  in  the  disk.  It  is  moderately  certain  that  the  center  of 
the  disk  is  stressed  in  parts  above  the  elastic  limit,  and  that  the 
metal  stretches  locally  to  allow  other  parts  of  the  disk  to  assist 
in  carrying  the  stress.  The  tangential  stress  in  the  side  rings 
figures  approximately  20,000  lb.  per  square  inch. 

The  above  estimated  stresses  are  all  figured  at  500  rev.  per 
min.  and  assume  that  there  are  no  original  shrinkage  stresses 
in  the  disk  and  rings.  Assuming  that  the  disk  and  rings  are  good 
forgings,  these  shrinkage  stresses  should  not  be  very  great,  but 
it  is  extremely  improbable  that  there  are  not  shrinkage  strains 
of  some  sort  in  such  large  forgings.  Test  pieces  show,  of  course, 
nothing  in  regard  to  shrinkage  stresses  in  the  material  and 
merely  show  what  the  metal  will  do  under  the  best  conditions. 
The  writer  has  known  of  castings  in  which  shrinkage  stresses 
of  25,000  lb.  per  square  inch  have  remained  even  after  an- 
nealing, and  it  is  quite  probable  that  the  shrinkage  stresses  in 
these  nickel-steel  forgings  are  large.  Assuming  that  there  are 
such  shrinkage  stresses,  it  would  easily  be  possible  for  the 
total  hoop  stress  at  some  part  of  the  disk  to  be  greater  than  the 
ultimate  strength  of  the  metal.  Thus  it  is  decidedly  doubtful 
whether  the  disk  and  rings  are  strong  enough  to  stand  the  tan- 
gential stresses  due  to  rotation  at  500  rev.  per  min. 

Considering  next  the  stresses  in  the  dovetails,  the  bending 
stresses  tending  to  break  the  dovetail  across  the  section  A  B 
can  only  be  figured  approximately.  Making  the  most  favor- 
able possible  assumptions,  the  stresses  at  500  rev.  per  min. 
figure  out  about  45,000  lb.  per  square  inch  at  the  point  A. 
But  with  a  laminated  pole  and  taper  wedges,  we  cannot  assume 
that  the  stress  due  to  the  centrifugal  force  of  the  pole  is  uni- 
formly distributed  along  the  length  and  width  of  the  dovetail. 
Also,  the  overhanging  end  winding  on  the  pole  puts  a  greater 
stress  on  the  comer  A  than  it  does  on  the  center  of  the  dovetail ; 
and  the  fact  that  the  comer  A  of  the  dovetail  slot  in  the  spider 
has  a  comparatively  small  radius  again  increases  the  stress, 
and  may  increase  it  to  very  high  values.  If  these  unfavorable 
features  are  neglected,  the  stress  on  the  dovetail  figures  out  as 
given  above,  but  taking  them  into  account  we  find  that  the 
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stresses  may  run  up  to  150,000  lb.  or  200,000  lb.  per  square  inch 
at  the  same  speed.  Of  course,  the  exact  extent  to  which  these 
unfavorable  features  increase  the  stresses  cannot  be  decided, 
but  it  is  very  probable  that  the  actual  stress  on  the  dovetails 
at  500  rev.  per  min.  is  above  the  ultimate  strength  of  the  ma- 
terial. All  of  this  analysis  of  the  stresses  assumes,  as  in  the 
case  of  the  disk  and  rings,  that  there  are  no  shrinkage  stresses 
or  local  flaws  in  the  forging.  If  there  were  such  bad  places, 
the  complete  wheel  would  not  be  safe  even  at  a  lower  speed. 

It  would  be  difficult  to  bring  the  stresses  in  the  dovetails 
down  to  a  safe  working  limit;  and  their  intensity  in  this  ma- 
chine merely  confirms  the  general  impression  of  engineers  that 
the  magnet  construction,  in  which  complete  individual  poles  are 
dovetailed  into  a  spider,  cannot  be  used  successfully  in  such 
large  high-speed,  machines.  The  difficulty  of  accurately  fitting 
the  dovetails  and  the  difficulty  in  estimating  the  exact  stresses 
in  them  make  it  necessary  to  abandon  them  in  favor  of  some 
construction  which  does  not  possess  this  disadvantage. 

Considering  everything,  I  think  it  is  extremely  probable  that 
we  would  find  that  the  disk  and  rings  had  been  strained  locally 
above  the  elastic  limit  even  at  the  normal  speed  of  300  rev. 
per  min.,  and  if  we  were  to  run  the  machine  at  this  speed  and 
then  shut  down  and  gauge  the  disc  and  rings  all  over  we  would 
find  that  there  were  evidences  of  local  permanent  distortion. 
Inasmuch  as  Mr.  Behrend  has  so  carefully  pointed  out  that  the 
maximum  stresses  in  the  disk  are  at  the  center,  and  since  the 
thickness  there  could  be  increased  five  or  six  times  without  any 
change  in  overall  dimensions,  it  hardly  seems  logical  to  thin 
down  the  disk  to  such  a  small  section. 

The  design  of  the  6500-kw.  alternator  described  in  Mr. 
Behrend's  paper  can  hardly  be  considered  as  a  conservative  one 
or  one  which  it  is  desirable  to  duplicate,  and  I  think  Mr.  Behrend 
is  hardly  justified  in  his  statement  that  the  design  is  *'  elegant 
and  mechanically  superior.  " 

Chairman  Armstrong:  Mr.  Behrend,  do  you  wish  to  reply  to 
Mr.  Waters's  remarks? 

B.  A.  Behrend:     I  have  nothing  to  say. 
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DOUBLE-DFXK  STEAM  TURBINE  POWER  PLANTS 

BY  J.  R.  BIBBINS 


In  the  rapid  development  attending  the  introduction  of  the 
steam  turbine,  there  has  been  but  comparatively  little  tendency 
to  introduce  radical  departures  from  accepted  engine  prac- 
tice. The  most  important  changes  have  taken  place  in  the 
boiler  room,  while  in  the  rest  of  the  plant  very  few  changes  have 
been  inaugurated  other  than  a  general  increase  of  compactness 
in  the  turbo-generating  room.  Outside  of  the  tendency  to 
structural  fotmdations  for  generating  units,  there  is  little  op- 
portunity for  originality  in  design  without  involving  a  radical 
change  in  the  ensemble. 

There  are  now  in  service  three  important  examples  of  a  new  type 
— the  double-deck  station.  This  type  of  station  embodies  striking 
originality  in  its  departure  from  long-established  practice,  and 
in  a  most  fortunate  manner  reserves  for  the  turbine  the 
benefits  of  certain  advantages  inherent  to  this  high-speed 
prime  mover.  And  it  is  the  object  of  this  paper  to  present 
in  a  general  way  some  of  the  engineering  features  of  this  new 
type  of  station  which,  the  author  believes,  deserve  careful  con- 
sideration and  ultimate  acceptance  as  standard,  at  least  for 
power  sites  of  restricted  area,  as  in  cities,  harbor  frontages, 
hillside  locations,  etc.  No  attempt  can  be  made  at  this  time 
to  make  more  than  a  cursory  study  of  the  important  technical 
points  involved,  to  each  of  which  might  properly  be  devoted 
an  extended  investigation. 

The  West  Point  station.  At  the  outset  it  will  be  well  briefly 
to  review  the  most  characteristic  features  of  this  station  before 
proceeding  with  a  discussion  of  the  double-decked  tjrpe  in  gen- 
eral; the  features  are: 
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1.  Generating  machinery  above  boilers  on  second  floor  of 
station. 

2.  Weight  of  generating  apparatus  supported  entirely  by 
steel  building  skeleton.  All  footings  carried  down  to  the  same 
stratimi — rock.     12  in.  box  columns  33  ft.  high. 

3.  Floor  structure  continuous,  tied  in  from  wall  to  wall,  thus 
reinforcing  over  entire  structure. 

4.  Water-cooled  floor  column  passing  through  middle  of  boiler 
setting  to  reduce  weight  and  cost  of  beams  spanning  battery; 
all  other  columns  straddle  boiler  setting. 

5.  Barometric  condenser  hung  from  floor  girders  directly 
under  turbine  exhaust  nozzle.  Designed  for  moderate  vacuum; 
no  air  pumps;  adjustable  cones;  centrifugal  type  circulating 
pump. 

6.  Steam  piping  simple  and  direct  with  few  bends,  draining 
back  from  turbine  throttle;  no  superheat;  separators  in  each 
supply  line  to  turbine. 

7.  All  important  steam  header  and  supply  lines  controlled 
by  pedestal  extension  valves  from  turbine  floor;  non-return 
valves  in  delivery  from  each  boiler  to  prevent  back-flow. 

8.  Header  serves  largely  as  equalizer,  hence  small  in  size 
(8  in.);  sectioned  by  valves;  operated  practically  on  the  tmit 
system. 

9.  Designed  for  200  lb.  pressure,  high  steam  velocities; 
largest  steam  supply  pipe  in  plant,  8  in.,  all  hirng  from  girders. 

10.  All  auxiliaries  steam-driven  for  feed  heating;  open  type 
heater;  feed  taken  from  condenser  hot  well. 

11.  Circulating  pumps  interconnected  for  relay  working, 
primed  by  steam  syphons  or  service  pump. 

12.  Pump  suctions  submerged  8  ft.  in  intake  bay  to  avoid 
surface  air;  no  foot- valves. 

13.  Two-story  side  addition  accommodating  transformers, 
control  and  protective  apparatus  above ;  heaters  and  auxiliaries 
below;  also  serves  as  transmission  tower. 

14.  Operating  switchboard  located  in  division  wall,  leaving 
a  clear  rectangular  operating  room,  and  separate  switch  room. 

15.  Generators  air-cooled  by  positive  blast  piped  from  out- 
side to  reach  cooler  air  and  to  avoid  the  possibility  of  steam 
from  boiler  room  reaching  insulation. 

16.  Turbine  bedplate  leveled  on  plate  girders  throughout  its 
length  with  cast  lead  pad  1  in.  thick. 

17.  Reserve  exciter  imits,  steam-driven,   exhaust  to  heater. 
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18.  Transformers  mounted  on  trucks  to  facilitate  replacement 
by  reserve  unit  provided.     See  Fig.  4. 

19.  Ash  hoist  to  be  installed  from  level  of  ash  tunnel  to  level 
of  siding  track. 

20.  Crane   reaches  basement   through  removable   section  of 
flooring. 

21.  Self-supporting,  brick  lined,  steel  stack. 

22.  Flue  connections  direct  to  stack;  no  bends. 

23.  Elevated  tank  in  turbine  room  to  provide  head  for  gland 
water  and  building  service. 


Fig.  1. — Front  view.  West  Point  station,  switch  room  extension  in  rear 

of  building. 

The  West  Point  station  was  designed  to  serve  interurban 
railway  lines  through  alternating-current  sub-stations,  and  its 
location  is  reasonably  near  the  ultimate  center  of  the  system. 
It  is  but  a  short  distance  from  some  coal  mines  owned  by  the 
company,  and  the  site  chosen,  at  the  foot  of  a  hill,  permits  the 
use  of  the  impounded  waters  of  two  passing  streams  for  con- 
densing purposes.  With  this  site,  coal-handling  machinery  was 
avoided  and  barometric  condensers  used,  these  several  factors 
combining  in  the  form  of  the  double-deck  arrangement. 

Compactness.  As  this  is  perhaps  the  controlling  feature,  it  is 
interesting  to  note  that  the  problem  now  lies  not  with  the  gen- 
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crating,  but  with  the  boiler  plant.  Familiar  Corliss  engine 
practice  of  a  decade  ago,  involving  parallel  engine  and  boiler 
rooms  of  about  equal  size,  has  been  superseded  by  a  ratio  of 
one  to  three,  respectively,  in  turbine  plants,  unless  the  boilers 
be  double-decked,  as  in  the  large  New  York  plants.  It  might, 
then,  seem  imwise  to  return  to  a  station  arrangement  of  equal 
area,  as  in  the  two-story  building;  but  it  will  be  foimd  that  other 
advantages  accruing  in  the  direction  of  low  cost  and  simplicity 
render  this  arrangement  most  effective,  especially  as  the  extra 
space  on  the  turbine  floor  is  usually  occupied  by  direct-current 
converting  apparatus  serving  nearby  sections  of  line. 

For  several  years  there  has  been  a  continual  reduction  in  the 
bulk  and  cost  of  the  turbine  unit.  To  what  extent,  can  best 
be  appreciated  by  comparison  with  Corliss  practice. 

Over-all  floor  space, 
Type  of  prime  mover.  square  feet  per  elec- 

tric horse  power. 

Horizontal  Corliss.  500  to  1500  e.h.p 0.7    to  1 

Vertical  Corliss,  1000  to  3500 0.35  to  0.4 

Horizontal  vertical  compound  Coriiss,  7000 0.46 

Vertical  3-cyl.  Coriiss,  5000 0.2 

Single-flow  turbine,  1000  to  5000 0.17  to  0.75 

Double-flow  turbine,  15,000 0.05 

Thus,  in  large  sizes,  the  turbine  has  reduced  floor  areas  to 
about  20  per  cent,  of  that  required  by  the  modem  vertical 
Corliss  engine,  and  to  about  10  per  cent,  of  the  horizontal- 
vertical  type.  A  detailed  comparison  betweeh  single-flow  and 
double-flow  types  follows: 

Unit  size.  Floor  space  required  per  sq.  ft . 

kw.  Type.  per  kw.  per  e.h.p. 

1000 Single-flow  0.200  0. 149 

1500 "  0.1G5  0.123 

2000 "  0.141  0.105 

3000 "  0.101  0.075 

5000 Double-flow  0.092  0.068 

10000 "  0.063  0.047 

Similarly  in  weight  per  kilowatt  capacity.  Data  are  not  at 
hand  for  comparison  with  complete  reciprocating  units,  but 
without  generators,  large  vertical  Corliss  engines,  including 
flywheel,  weigh  from  320  to  500  lb.  per  kilowatt,  the  weight  in- 
creasing with  the  size,  whereas  the  large  turbine  tmit  complete 
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weighs  but  a  fraction,  15  to  20%  of  the  above,  and,  more- 
over, the  weight  decreases  with  the  size.  Considering  in  addi- 
tion that  the  horizontal  turbine  permits  the  installation  of  aux- 
iliaries beneath,  this  extreme  compactness  practically  eliminates 
it  early  in  the  study  of  reduced  floor  area. 

The  West  Point  station  covers  a  floor  area  of  two  square  feet 
per  kilowatt.  Considering  the  small  size,  this  represents  a 
high  degree  of  compactness,  relatively  better  than  in  some  large 
turbine  stations.  The  Ft.  Wayne  double-deck  station  covers 
1.42  square  feet  per  kilowatt,  groimd  floor  plan,  the  New  York 


Fio.  3. — General  view  of  operating  room,  West  Point. 

Edison  Waterside,  No.  2,  0.818,  and  the  Boston  Edison  2.64, 
these  latter,  twenty  to  twenty-five  times  the  capacity,  and  one 
with  double-decked  boilers. 

Building  and  foundation  construction.  In  spite  of  the  rea- 
tively  high  speed,  the  construction  of  turbine  machinery  has 
been  brought  to  such  a  state  of  perfection  that  structural 
foundations  are  permissible  in  certain  types,  which  at  once  opens 
up  an  extensive  field  for  originality  in  the  arrangement  of  units 
and  auxiliaries.  For  example,  1000-kw.  imits  in  a  power  house 
at  Piedmont,  W.  Va..  are  supported  entirely  upon  8-inch  cast 
iron  pipe  columns  with  imits  spaced   10-ft.   centers,  and  all 
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auxiliaries  beneath.  In  a  power  house  in  Philadelphia,  rein- 
forced concrete  posts  tied  into  the  concrete  floor  structure 
carry  the  entire  weight  of  the  generating  plant.  As  the  height 
of  these  columns  is  20  ft.  or  more,  it  is  but  a  step  further  to  employ 
standard  column  sections  and  elevate  the  machines  to  a  height 
sufficient  to  place  the  boilers  beneath.  This  has  been  done  in 
the  three  stations  already  referred  to.  At  Fort  Wayne  the 
turbine  floor  stands  28.5  ft.,  and  at  West  Point,  33  ft.,  above 
the  boiler  room  on  grotind  floor,  by  no  means  an  excessive 
heigh  c. 
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Fig.  4. — Switch  room,  West  Point,  showing  extension  to  main  operating 

room. 

Here  seems  to  be  one  of  the  most  advantageous  features  of 
the  horizontal  type  turbine — foundation  loadings  sufficiently 
distributed  to  permit  of  a  light  foundation  structure  involving, 
preferably,  but  two  principal  points  of  support.  It  might,  of 
course,  be  possible  to  provide  a  supporting  column  imder  each 
of  the  three  bearings;  but  with  the  possibility  of  tmequal 
settling  at  the  footings  and  temperature  changes  resulting  from 
the  proximity  to  boiler  settings,  it  is  evidently  a  much  simpler 
solution  of  the  problem  to  employ  two  points  of  support.  At 
West  Point  only  12-in.  box  columns  are  required. 

It  is,  of  course,  impossible  entirely  to  concentrate  the  weight 
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of  the  unit  on  these  columns.  A  certain  proportion  must  be 
carried  by  the  building  walls.  It  is  therefore  desirable  to 
employ  a  steel  skeleton  building,  carrying  the  machine  crane 
and  roof  truss  loadings  independently  of  the  brick  wall.  This 
evidently  simplifies  to  a  large  degree  the  problem  of  main- 
taining proper  turbine  alignment.  Although  strictly  necessary 
only  for  the  turbine  supporting  structure,  the  steel  work  may 
be  extended  upward  to  relieve  the  wall  loading,  with  little,  if 
any,  increase  in  cost  over  that  of  heavier  building  walls 
otherwise  necessary. 

At  West  Point,  the  longitudinal  members  between  the  tur- 
bines are  tied  together  into  a  continuous  floor  structure  from 
wall  to  wall,  with  the  sole  object  of  reinforcement,  result- 
ing in  an  exceedingly  rigid  structure  integral  with  the 
building  skeleton,  which  has  proved  to  be  entirely  devoid 
of  any  vibration.  This  apphes  also  to  the  steel  supporting 
columns  which  show  no  evidences  of  vibration. 

Girder  span.  In  the  double-deck  station  the  problem  of  rela- 
tive arrangement  of  boiler  and  turbine  capacity  resolves  itself 
into  three  important  factors:  first,  number  of  imits  required; 
secondly,  boiler  grate  surface  for  the  required  rate  of  com- 
bustion ;  and  thirdly,  cost  of  supporting  steel  work  for  different 
spans.  Assuming  the  first  fixed  by  the  necessity  of  meeting  a 
given  station  load  curve,  and  the  second  by  standard  boiler 
practice,  there  remains  the  problem  of  restricting  girder  span 
over  the  boiler  batteries.  With  the  floor  structure  designed 
for  uniform  loading  between  supports,  the  weight  and  cost  of 
girders  will  increase  approximately  with  the  span,  as  shown 
in  Fig.  5,  plotted  for  three  typical  girder  sizes. 

A  rather  unusual  precedent  has  been  set  at  West  Point, 
with  the  object  of  reducing  the  dimensions  of  these  cross-mem- 
bers. Instead  of  a  single  girder,  spanning  the  entire  width  of 
the  battery,  a  row  of  columns  has  been  located  midway.  The 
forward  column  falls  in  front  of  the  boiler  setting,  the  rear 
pierces  the  setting  at  the  division  wall,  thus  reducing  the  span 
to  14  ft.  7  in.,  and  the  steel  work  to  18  in.  I-beams.  This 
column  must,  of  course,  be  artificially  cooled.  For  this  purpose, 
air  spaces  equal  in  depth  to  the  column  flanges  have  been  pro- 
vided on  both  sides,  next  the  furnaces,  to  permit  air  circulation 
from  below,  and,  in  addition,  cold  water  is  circulated  from  top 
to  bottom  from  the  building  service,  with  the  result  that  these 
columns  are  the  coldest  in  the  plant.     It  is  evident  that  any 
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expansion  or  contraction  would  have  no  effect  whatever  upon 
the  alignment  of  the  turbine,  this  occurring  midway  between 
the  turbine  piers.  By  this  unusual  expedient,  longitudinal 
girders  have  been  entirely  obviated,  and  the  weight  of  these 
members  reduced  theoretically  50  per  cent,  an  appreciable 
percentage  of  the  whole  building  structure.  In  the  Ft.  Wayne 
station,  36-in.  girders  span  the  boiler  batteries  with  15-in. 
I-beams  interlacing. 

Boiler  duty.      The   steam   turbine   is,   of  course,   admirably 
adapted  to  meet  the  rapidly  fluctuating  and  frequently  ex- 


FiG.  5. — Weight  of  floor  girders  for  different  spans  and  loadin^^ 

cessive  demands  of  a  high-speed  railway  system  due  to  a  com- 
paratively small  number  of  cars  and  the  universal  practice  of 
arranging  interurban  schedules  so  that  a  number  of  cars  start 
at  the  same  time  (the  even  or  the  half  hour)  from  important 
points  along  the  line.  This  overload  capacity  of  50  per  cent,  or 
more,  is  readily  accomplished  by  means  of  secondary  admission 
of  steam  to  the  turbine,  and  fortunately  without  decreasing  its 
economy  to  any  considerable  degree.  To  meet  these  fluctuations, 
a  corresponding  forcing  capacity  is  required  in  the  boiler  plant. 
Recent  investigation  and  tests  have  revealed  an  important  fact; 
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viz.,  that  the  steam  boiler  is  capable  of  absorbing  heat  with  very 
nearly  the  same  efficiency,  over  a  very  great  range  of  load.  In 
other  words,  the  boiler  itself;  that  is,  the  type  of  heating  surface, 
is  a  matter  of  little  concern,  except  in  detail  proportions  and 
arrangements  of  baffling,  etc.  This  brings  us  to  the  furnace, 
which  involves  so  many  complexities,  and  upon  which  such  a 
difference  of  opinion  exists  that  it  would  scarcely  be  prudent  to 
venture  an  opinion  in  this  brief  review  of  the  subject.  One 
thing  is  certain,  however,  that  in  order  to  avail  ourselves  of 


Fig.  6. — Plot  representing  modem  practice  in  boiler  plant  equipment. 

the  forcing  capacity  of  steam  boilers,  a  type  of  furnace  must 
be  adopted  in  which  a  rate  of  combustion  suited  to  the  wor':  In 
hand,  may  be  efficiently  maintained.  For  this  reason,  the 
mechanical  stoker  has  proved  an  exceptionally  fortunate  addition 
to  power  plant  equipment,  insuring  a  range  of  generating  ca- 
pacity* far  beyond  the  possibilities  of  hand- firing. 

The  high  rate  of  combustion  desired  has  been  made  possible 

*  See  Table  No.  1. — Tests  conducted  upon  a  standard  type  water-tube 
boiler  with  mechanical  stoker  fitted  with  some  recent  improvements  in  the 
form  of  sectional  grate  bars  designed  to  promote  hi[;h  rates  of  combustion. 
Note  that  a  rate  of  46  lb.  per  sq.  ft.  per  hour  (125%  overload)  was  main- 
tained for  six  hours  with  less  than  0.5  in.  furnace  draft. 
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chiefly  by  improvements  in  air  distribution,  both  imder  the 
coking  arch  and  in  the  grate  itself.  Present  indications 
point  to  a  combustion  rate  of  from  20  to  25  lb.  per  sq.  ft.  per 
hour  as  a  possible  normal  rating,  whereas  this  formerly  stood 
some  5  lb.  lower.  This  performance  involves  one  fundamental, 
namely,  that  the  effective  draft  area  of  the  furnace  grate  shotild 
increase  with  the  rate  of  combustion — a  principle  quite  opposed 
to  increasing  the  draft  pressure  alone  with  the  rate  of  combus- 
tion in  order  to  obtain  the  desired  quantity  of  air.  The  latter 
is,  of  course,  a  fundamental  weakness  of  the  hand-fired  flat  grate 
furnace,  in  fact  any  furnace  in  which  the  effective  draft  area 
is  fixed.  Mechanical  stoking  has  its  limitations,  especially  in 
small  plants  with  cheap  labor;  but  in  large  plants  subject  to 
severe  peaks  it  is  often  indispensable. 

A  study  of  modem  practice  in  the  equipment  of  turbine 
stations  shows  a  comparatively  tmiform  proportion  between 
boiler  and  generating  capacity.  Eighteen  modem  turbine  sta- 
tions for  railway  and  lighting  service  average  (see  Fig.  6)  close 
to  one-half  boiler  horse  power  per  electric  horse  power  generating 
capacity,  including,  of  course,  a  considerable  boiler  reserve.* 
In  this  connection,  it  is  well  to  remember  that  the  greater  the 
range  of  boiler  capacity  per  unit,  the  less  the  reserve  necessary, 
the  lower  the  investment  in  boiler  plant,  and  the  less  space 
occupied.  The  handicap  of  high  fixed  charges  to  a  power 
plant  has  already  been  called  to  the  attention  of  the  Institute 
by  Messrs.  Stott  and  Finlay.  Suffice  it  to  say  that  idle  plant 
should  be  minimized  in  the  double-deck  station  design. 
Several  stations  are  below  0.75  h.p.  per  kilowatt.  Ft.  Wayne 
is  0.57,  Yonkers  and  Port  Morris  0.50;  Carville  at  Newcastle, 
England,  is  only  0.44,  due  to  liberal  economizers. 

Boiler  construction.  With  one  or  two  exceptions,  boiler  de- 
sign has  followed  along  well-established  lines.  And  in  the 
endeavor  to  keep  pace  with  the  great  increase  in  capacity  of 
prime  movers,  the  boiler  plant  has  increased  largely  in  «ww- 
her,  instead  of  in  size  of  imits.  But  to-day  boiler  imits  of  1000 
to  2000  h.p.  are  in  active  demand.  The  limitations  of  the  hand- 
fired  furnace  have  long  since  been  exceeded,  and  even  those  of 
the  mecnanical  stoker  in  single  tmits.  The  problem  is  essen- 
tially one  of  grate  surface  rather  than  heating  surface;  for 
this   reason,    the    double-fired   boiler   has   come    in   use.     One 

♦  Assuming  one  boiler  out  to  every  nine  in  operation,  this  is  equivalent 
to  an  average  evaporation  of  22  lb.  per  kilowatt-hour,  including  steam 
Cor  auxiliaries. 
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of  this  type  has  already  been  described  by  Mr.  Finlay.  Another 
is  illustrated  in  Fig.  8,  a  moderate  size  unit,  employed  ex- 
tensively in  a  Philadelphia  traction  station.  Quite  recently  an 
1100  h.p.  boiler  unit  of  the  semi-vertical  type  has  been  de- 
signed with  double  stokers  and  a  central  combustion  chamber  of 
large  proportions — a  very  desirable  feature.  In  the  Bow  Street 
station,  Charing  Cross,  London,  1100  h.p.  tmits  of  an  English 
vertical  type  and  800  h.p.  tmits  of  the  horizontal  type  are  in 
operation,  the  latter  with  three  banks  of  tubes,  superheater 
between  second  and  third  pass.     These  boilers  are  fired  on  three 
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Pio.  7.— Maximum  battery  capacity  for  various  widths  of  frontage. 

sides  with  flat  grates  at  a  ratio  of  65  to  1.  Coal  is  delivered 
from  an  overhead  bimker  to  both  front  and  side  furnaces  and 
from  a  point  somewhat  below  the  level  of  the  drums,  and  with- 
out exceeding  the  critical  angle,  45°.  In  the  Interborou^h 
station,  coal  reaches  both  front  and  rear  stokers  from  a  central 
bin,  without  incurring  an  excessive  angle  to  chutes  or  bends 
beyond  that  encountered  in  any  double-deck  boiler  plant  where 
chutes  for  the  lower  boilers  must  be  carried  round  obstructions. 
In  Table  II  the  general  dimensions  of  a  number  of  large  boiler 
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settings  are  given,  together  with  those  at  West  Point  and 
Ft.  Wayne ,  for  comparison.  At  Ft.  Wayne ,  the  stokers  are  served 
by  an  exterior  coal  bunker  running  along  the  face  of  the  build- 
ing. It  is  evident  that  any  attempt  to  apply  the  double-fired 
boiler  arrangement,  would  finally  reduce  to  a  question  of  crit- 
ical angle  and  head  room.     With  the  height  between  floors 


Fig.  8. — Typical  setting  for  large  double-fired   boiler,    800   h.p.,    Phila- 
delphia Rapid  Transit  Co. 

available  in  the  larger  settings,  it  would  seem  possible  to 
reach  both  ends  of  the  boilers  from  a  single  side  bunker,  es- 
pecially with  a  boiler  setting  of  moderate  depth,  such  as  is  shown 
in  Fig.  8.  At  West  Point,  the  boilers  are  set  farther  back 
than  at  Ft.  Wayne,  in  order  to  accommodate  a  coal  trestle 
forming  the  storage.     But  with  an  external  btmker,  the  settings 
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could  be  located  well  forward  with  arches  in  the  building  wall 
communicating  with  the  room  under  the  bunkers.  Further- 
more, it  would  seem  possible  to  make  use  of  the  space  above 
the  coal  bimker  for  a  switch  room,  as  it  would  be  approximately 
at  the  proper  level.*  This  rearrangement  permits  of  sufficient 
space  in  the  rear  of  the  boilers  for  flues  overhead  and  pumps 
bene  ath. 

In  order  to  indicate  in  a  general  way  the  possibilities  of  the  large 
boiler  imits,  the  author  has  prepared  Fig.  7  showing  the  max- 
imum stoker  grate  area  that  may  be  installed  in  batteries  of 
two  boilers  each,  with  varying  f^pans  between  turbine  piers, 
presupposing,  of  course,  that  the  proper  heating  surface  may 
be  obtained  by  extending  the  boiler  upward,  whether  in  the 
vertical  type  or  with  an  extra  bank  of  horizontal  tubes.  Thus 
with  a  ratio  of  50  to  1,  a  frontage  of  30  ft.  will  accommodate 
2240  boiler  h.p  maximum,  sufficient  to  serve  a  3000  kw,  turbine. 
This  is  approximated  in  the  2200  h.p.  battery  noted  in  Table  II, 
which  is  31  ft.  over  all. 

Condensers,  The  West  Point  station  is  an  excellent  example 
of  the  possibilities  of  a  compact  condensing  plant.  The  baro- 
metric condensers  are  attached  directly  to  the  turbine  exhaust. 
Here  the  condensers  are  arranged  in  line  with  the  boiler  fronts, 
but  with  a  passage  of  over  6  ft.  between  boiler  settings,  it  is 
quite  evident  that  the  condenser  may  be  placed  wherever  most 
convenient,  irrespective  of  the  position  of  the  batteries,  and 
with  a  discharge  tunnel  conveniently  located. 

It  seems  almost  superfluous  to  emphasize  the  advantages  of 
a  short  and  direct  connection  to  the  condenser  which  obviates 
both  the  friction  of  bends  and  the  bulk  of  large  exhaust  piping. 
The  suspension  at  West  Point  permits  of  an  atmospheric 
relief  connection  between  the  supporting  girders,  resulting  in  a 
distance  of  only  about  2.5  ft.  from  the  floor  level  to  the  condenser 
head.  Here  the  barometric  condenser  and  horizontal  turbine 
are  evidently  at  their  best  advantage,  both  as  regards  com- 
pactness and  efficiency — an  arrangement  which  cannot  be 
duplicated  by  any  other  type  of  apparatus. 

*  In  fact  boiler  fronts  might  be  advanced  to  the  building  line,  omit- 
ting the  brick  wall  entirely  from  floor  to  roof,  excepting  the  side  wall 
of  the  bunker,  leaving  only  the  steel  columns  with  a  6-ft.  gallery  over- 
hanging the  turbine  room.  Switchboards  might  then  be  located  as  at 
West  Point,  in  line  with  the  steel  work,  with  all  control  and  protective 
apparatus  behind. 
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The  degree  of  vacuum  desirable  appears  to  be  a  matter  of 
opinion.  With  a  turbine  that  is  not  unduly  sensitive  to  vacuum, 
it  would  seem  imwise  to  incur  the  additional  complexity  of  ex- 
tremely high  vacuum  apparatus.  Indeed,  for  the  majority  of 
inland  plants,  the  high  temperature  of  circulating  water  avail- 
able during  the  summer  months  would  render  of  no  avail  the 
condenser  plant  designed  for  higher  than  28  in.  vacuimi.  The 
general  preference  seems  to  indicate  a  moderate  vacuum  of  27 


Fig.  9. — Sectional  elevation,  Ft.  Wayne  station. 

to  28  in.,  and  Several  condenser  manufacturers  are  now  manufac- 
turing barometric  condensers  to  maintain  this  vacuum  without 
the  use  of  auxiliary  dry  air  pumps.  Taking  into  account  the 
three  or  four  per  cent,  gain  per  inch  of  vacuum,  it  is  indeed 
questionable  whether  it  would  pay  to  incur  the  additional  cost 
and  complexity  of  operation  with  comparatively  cheap  coal 
found  in  the  Middle  States.  But  this  is  always  an  individual 
engineering  problem.     To  give  some  idea  of  the  limitations  of 
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cooling  water  temperature,  it  is  sufficient  to  note  that  with  a 
ratio  of  60  of  water  to  1  of  steam,  and  a  condenser  working  to 
within  15®  of  the  exhaust  temperature,  the  maximum  possible 
vacuimi  will  be  28  in.  with  70®  and  only  27.4  in.  with  80®  water, 
not  an  excessive  temperature  for  midstimmer. 

Auxiliary  plant.  The  Ft.  Wayne  station  employs  direct- 
driven  exciters  at  the  end  of  the  turbine  shaft,  each  of  sufficient 
capacity  to  operate  two  machines.  These  direct-connected  ex- 
citero  add  2.6  per  cent,  to  the  cost  of  the  main  imit,  but  as  com- 
pared with  the  cost  of  an  equivalent  independent  exciting  plant, 
including  reserve,  they  show  some  20  per  cent,  in  favor  of  direct 
drive.  This  subdivision  evidently  assures  iminterrupted  service  to 
a  degree  almost  equivalent  to  the  standby  storage  battery,  for 
with  half  the  exciters  inoperative  there  would  still  be  ample 
capacity  remaining. 

On  the  other  hand,  the  same  degree  of  voltage  regulation  can- 
not be  obtained  except  with  automatic  voltage  regulators  and 
the  exhaust  steam  of  exciters  such  as  are  used  at  West  Point, 
is  imavailable  for  feed  heating.  In  spite  of  this,  a  feed  tem- 
perature of  160®  to  180®  is  obtained  at  Ft.  Wayne  and  even 
200®  at  peak  loads. 

The  high-speed  centrifugal  pimip  for  condenser  injection  works 
well  into  the  scheme  at  West  Point,  and  with  syphon  or  other 
means  for  priming  is  admirably  adapted  to  the  moderate  head 
to  be  pumped  against.  Moreover  it  is  considerably  more  com- 
pact and  delivers  a  constant  injection,  which  cannot  be  said  of 
the  long  stroke,  slow-speed  reciprocating  pump  imless  an  air 
chamber  of  ample  proportions  be  provided  to  prevent  **  dip  " 
in  vacuum  to  tide  over  dead  center.  As  entrained  air  is  the 
greatest  deterrent  to  high  vacuum,  it  is  important  to  submerge 
the  intake  well  below  surface  water,  as  at  West  Point,  to  avoid 
the  aeration  existing  at  the  surface  of  the  intake  crib. 

The  question  of  auxiliary  drive  is  important.  Recently  it 
developed  during  a  test  that  a  1000  kw.,  well  equipped  turbine 
station  was  using  on  the  average  nearly  24  per  cent,  of  the 
total  steam  in  auxiliaries.  A  common  figure  is  10  to  12  per 
cent,  for  plants  of  1000  to  2000  kw.  Hence  the  necessity  of 
moderately  economical  auxiliaries.  At  one  turbine  station  in 
Philadelphia  the  condenser  discharge  pump  is  driven  by  a  belt 
from  the  turbine  shaft.  This,  however,  would  not  be  applicable 
in  the  double-deek  station.  At  Newcastle,  England,  all  auxil- 
iaries are  motor-driven,  economizers  being  used  to  heat  the 
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feed  water.  It  is  evidently  a  nice  engineering  problem  to  find 
a  happy  medium  between  excessively  wasteftd  auxiliaries, 
and  low  feed  temperatures. 

Ventilation,  In  the  double-deck  station  it  is  important  to 
draw  ventilating  air  from  the  outside  to  avoid  not  only  the 
heat  above  the  boilers,  but  also  the  possibility  of  escaping  steam 
reaching  the  generator  insulation.  Some  little  difficulty  here 
arises  in  avoiding  structural  work,  but  hardly  to  any  greater 
degree  than  in  the  ordinary  station.  At  West  Point,  one  ver- 
tical and  one  horizontal  offset  to  the  ventilating  ducts  suffice  to 
clear  both  coliunns  and  girders.  At  Ft.  Wayne,  a  rectangular 
steel  duct  extends  from  one  end  of  the  building  to  the  other  in 
front  of  the  boilers,  drawing  air  from  either  end,  according  to 
the  prevailing  winds.  Each  generator  then  draws  from  this 
air  header  through  comparatively  short  and  direct  connections. 
An  auxiliary  steam-driven  blower  in  the  adjoining  area  way 
has  also  been  installed  to  assist  in  delivering  more  air  to  the 
generators  during  very  hot  weather  and  peak  loads.  With 
this  provision  against  excessive  temperature  rises  in  the  gen- 
erators, even  under  the  worst  conditions  of  atmosphere  and 
load,  there  follows  the  maximum  security  against  interruptions 
and  the  possibility  of  tiding  over  emergencies. 

Piping,  The  avoidance  of  long  runs  and  bends  in  steam 
piping  is,  of  course,  fully  as  important,  if  not  more  so,  than  in 
exhaust  piping,  and  with  boilers  beneath  turbines  a  most  simple 
and  desirable  arrangement  is  possible.  In  the  Ft.  Wayne 
station  the  steam  has  but  30  to  35  ft.  to  travel  between  any 
turbine  throttle  and  the  boilers  supplying  this  particular  machine, 
and  with  only  two  long-sweep  bends  intervening.  Moreover, 
piping  may  be  most  readily  drained — a  point  of  value,  even  with 
superheat.  At  Ft.  Wayne,  there  is  a  continuous  slope  to  the 
boilers.  At  West  Point,  where  no  superheaters  are  used,  the 
header  is  drained  by  steam  traps,  separators  being  provided 
in  each  turbine  line  as  an  additional  precaution. 

Under  normal  working  conditions,  therefore,  the  plant  operates 
almost  entirely  on  the  unit  system,  with  the  interconnected 
header  properly  sectioned  to  isolate  trouble  in  emergencies.  In 
both  stations  each  turbine  line  connects  to  the  header  close  to  the 
feeders  from  the  boilers  supplying  it,  so  that  the  header  operates 
simply  as  an  equalizer  between  the  various  points  of  demand. 
Owing  to  the  directness  of  the  piping,  comparatively  high  steam 
velocities  and  small  pipe  sizes  may  be  employed,  thus  reducing 
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radiation  without  serious  drop  in  pressure.  The  great  simplicity 
of  this  piping  arrangement  is  well  attested  by  the  fact  that  at 
Ft.  Wayne  the  cost,  complete,  from  boiler  nozzle  to  turbine 
throttle,  was  only  $2.50  per  kilowatt. 

Switch  room.  There  is  an  excellent  building  arrangement  at 
West  Point  to  provide  for  switch  room  and  auxiliaries.  An 
addition  to  the  rear  of  the  main  building  accommodates  the 
electrical  apparatus  above,  and  the  feed  pumps,  circulating 
pumps,  and  heater  below.  This  addition  leaves  a  rectangular 
engine  and  boiler  room  of  minimum  proportions,  with  central- 
ized auxiliary  and  electrical  control  plants,  permitting  the  in- 


FiG.  10. — Ft.  Wayne  station,  showing  coil  handling  and  storage 
arrangements. 

stallation  of  the  switchboard  in  a  most  convenient  position 
between  the  building  columns,  with  all  the  high-tension  ap- 
paratus in  the  rear,  including  high-tension  bus-bars,  circuit- 
breakers,  and  protective  apparatus  with  transmission  line  out- 
lets near  the  roof.  In  the  33  ft.  between  floors,  there  is  space 
for  a  mezzanine  floor  or  gallery  for  some  of  the  small  auxiliaries, 
but  this  has  not  been  made  use  of  at  West  Point.  To  be  sure 
an  elevated  switchboard  might  have  been  used  as  at  Ft.  Wajme, 
but  the  extra  room  required  for  heaters  and  auxiliaries,  would 


Digitized  by  VjOOQIC 


1908]  BIBBINS:  DOUBLE-DECK  PLANTS  1117 

necessarily  have  been  provided  in  the  main  building  at  the 
cost  of  extra  ground  floor  space. 

Summary.  We  have  touched  briefly  upon  certain  features  of 
the  double-deck  type  power  station,  which  constitutes  the 
most  important  factors  in  working  out  a  successful  design. 
Inasmuch  as  many  of  the  refinements  of  modem  power  stations 
are  absent,  the  highest  operating  efficiency  could  scarcely  be 
looked  for,  and  in  the  three  stations  already  built  simplicity 
has  perhaps  been  the  controlling  factor,  leading  to  minimum 
labor  cost.  On  the  other  hand,  non- indulgence  in  refinement 
has  greatly  reduced  the  first  cost  of  the  complete  station.  Inci- 
dentally, lower  fixed  charges  are  incurred  against  operation,  also 
a  somewhat  lower  rate  of  depreciation.  The  general  result  is  a 
tendency  to  make  the  total  cost  of  operation  lower  than  in  a 
more  efficient  plant  with  correspondingly  high  investment. 

The  Ft.  Wayne  station  is  an  excellent  example  of  this  prin- 

TABLE  III. 
Cost  op  Complbted  Power  Station,  8500  kw..  No  Sub-Station  Ap- 
paratus. 

$       $  per  kw. 


Building:  Including  general  concrete  and  steel  work, 
coal  bunker,  smoke  flue,  condenser  pit,  coal  storage 
pit,  etc 93,217       10.97 

Generating  plant:  Including  turbines,  generators,  ex- 
citers, cables,  switchboards,  transformers,  and  ven- 
tilating ducts 259,711       30.55 

Boiler  plant:  Including  boilers,  superheaters,  stokers. 

piping,  pumps,  heaters,  settings,  breechings,  and  tank    1 18,313       13 .  92 

Condenser  plant:  Including  condensers,  pumps,  piping, 

free  exhausts,  water  tunnels,  and  intake  screen 33,790         3 .98 

Coal  handling  plant:  Including  gantry  cranfe,  crusher 

motors  and  track 7,990         0.94 

Erection t  superintendence  and  engineering 50,500         5 :  9-a 


Totel,  excluding  property  and  siding 563,520       66 .  25 


ciple.  Based  upon  the  present  cost,  the  power  station  when 
completed — 8500  kw.  in  capacity — will  have  cost  $66.25  per 
kw.  exclusive  of  all  sub-station  apparatus,  property,  and  siding. 
For  the  present  uncompleted  plant,  the  cost  per  kilowatt  is,  of 
course,  higher — around  $75  per  kilowatt,  including  sub-station 
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equipment.  To  show  the  distributed  cost,  Table  III  is  quoted 
from  a  former  paper.  To  many,  these  costs  will  appear  excep- 
tionally low,  but  they  are  correct  as  far  as  it  is  possible  to 
segregate  the  various  items  from  the  numerous  vouchers.  This 
at  least  will  serve  to  show  the  tendency  toward  low  station 
costs,  resulting  from  simplicity  of  design.  In  smaller  stations, 
like  that  at  West  Point,  such  low  cost  would  not,  of  course, 
be  expected;  in  larger  ones  it  should  be  even  lower. 

The  price  of  coal  and  labor  is  in  all  cases  a  controling  factor. 
With  cheap  coal,  high  vacuum  and  superheat,  high-efficiency 
auxiliaries  and  economizers  are  evidently  non-essential.  But 
with  coal  above  $3.00,  and  w4th  city  labor,  conditions  might  at 
least  justify  the  use  of  superheaters,  and  amplified  condensing 
plant,  with  rotative  dry-air  pumps.  The  internal  type  super- 
heater is  now  a  simple  and  durable  apparatus  for  moderate 
temperatures  when  protected  by  sufficient  steaming  surface; 
that  is,  installed  between  first  and  second  pass  of  tubes.  There 
is  at  present  a  tendency  in  boiler  practice  toward  the  addition 
of  so-called  economizer  surface  to  the  boilers  themselves,  rather 
than  in  the  form  of  external  economizers. 

For  the  average  power  plant,  the  more  moderate  conditions 
of  operation  appear  to  be  in  favor — 150  to  175  lb.  pressure, 
75®  to  125°  superheat,  and  27  to  28  in.  vacuum.  The  ex- 
amples we  have  studied  show  that  an  extremely  simple  plant 
design  embodying  these  features,  is  possible.  That  future  de- 
velopment will  result  in  still  further  improvement,  goes  without 
saying.  Much  credit  is  due  the  designers  of  these  present 
stations  for  their  courage  and  initiative  in  testing  out  the  possi- 
bilities of  the  double-deck  type. 
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Discussion    on    **  Double-Deck    Steam    Turbine    Power 
'      Plants."    Atlantic  City,  N.  J.,  July  1,  1908 

C.  W.  Ricker:  The  additional  data  which  I  have  to  present 
shotild  properly  have  been  included  in  Mr.  Bibbins'  paper,  but 
as  an  analysis  of  all  the  vouchers  had  to  be  made  to  determine 
these  data,  which  could  not  be  done  in  time,  they  will  be  offered 
as  discussion  as  briefly  as  possible.     The  data  are  as  follo'^'s: 

YouKGSTOWN  &  Ohio  R.  R.R. — West  Point  Power  Station 

Analysis  of  Cost  of  Completed  Plant,  3000  kw. 

Building  and  fixtures.  Cost  Per  kw. 

Foundation,    general    excavation,    and    concrete 

work  including  condenser  wells  and  overflows  and 

ash  tunnel;  steel  frame  and  building  superstruc- 
ture, ash-handling  apparatus,  coal  trestle,  chim- 
ney, smoke  flue,  and  crane $64,204         $21 .40 

Boiler  plant. 

Six  400  h.p.,  No.  200  water-tube  boilers,  settings, 

furnaces,  pumps,  heater,  piping  and  covering 42,726  14.24 

Condenser  plant. 

Three    barometric    ejector-type  condensers  with 

separate  centrifu^^al  ptmips,  water  intake  and  dam 

including  deepemng  channels 19,224  6.41 

Generating  plant. 

Three    1000-kw.,   three-phase,   25-cycle,   400-volt 

turbo-generators.  Six  375-kw.,  22, 000- volt  step-up 

transformers,   duplicate   exciters,   switching,   and 

protective  apparatus 112,764  37 .  69 

General  expense. 

This  includes  items  not  susceptible  of  distribution 

and  part  of  the  expense  of  supervision 7,252  2 .42 

Complete $246,170         $82.06 

Sub-Station  equipment  in  power  station. 
Two  300-kw.  synchronous  converters  with  five- 
panel  switchboard 12,600  -  4 .  20 

Total $258,770        $86.26 

This,  of  course,  is  a  comparatively  small  station  and  the 
items  of  general  character,  mainly  in  the  building  and  fixtures,  , 
are  necessarily  larger  in  jjroportion  than  they  would  be  in .  a 
station  of  greater  capacity.  These  costs  were  also  increased 
materially  by  the  position  of  the  station,  which  is  some  seven 
miles  from  the  nearest  steam  railroad  station  at  which  freight 
could  be  received.  The  entire  building  frame  and  steel  work, 
and  all  of  the  cement  and  sand  used  in  the  foimdation'  and  . 
water  and  ash  tunnels,  and  the  machinery  and  tools  used  in  pre- 
paring and  erecting  tfiese  items,  had  to  be  haule^  over  seven 
miles  of  bad  country  roads  with  steep  grades  at  ail  expense  of 
from  $2  to  $4  per  ton,  which  amounts  to  a  considerable  it.em.,v:T 

The  station  building  has  a  complete  steel  frame,  which  was 
erected  on  the  foundations,  before  the  brick  work  was  begim. 
The  accompanying  photograph  shows  the  completed  frame. 

To  show  the  steadiness  of  the  station,  a  photograph  was 
taken  by  the  Cooper- Hewitt  lamps  used  for  general  lighting. 
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Pig.  1 — West  Point  power  station  steel  frame. 


Fig.  2 — West  Point  power  station  from  top  of  crane* 
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A  portable  box  camera  mounted  on  a  light  tripod  was  set  up 
on  top  of  the  crane,  which  is  about  33  ft.  above  the  station  floor, 
in  a  position  to  experience  the  maximum  vibration.  A  two- 
minute  exposure  was  taken,  and  a  perfectly  sharp,  clear  picture 
resulted,  which  seems  to  show  a  degree  of  steadiness  at  least 
entirely  sufficient  for  operating  requirements. 

J.  R.  Bibbins:  I  am  exceedingly  gratified  in  Mr.  Ricker's 
presentation  of  the  cost  of  the  West  Point  station.  The  total 
figure  he  has  quoted,  approximately  $82  per  kilowatt  for  the 
plant  complete,  corroborates  the  figures  noted  in  the  paper  for 
the  cost  of  the  Ft.  Wayne  station,  complete,  S66.25  per  kilowatt. 
Considering  the  largely  increased  expense  in  transporting 
erecting  and  building  materials  to  a  comparatively  inaccessible 
location,  it  is  safe  to  say  that  a  station  of  this  kind  could  be 
duplicated  in  a  city  like  Ft.  Wayne  for  even  lower  cost.  For  a 
complete  power  station  of  high-grade  construction  throughout 
and  only  3000  kw.  capacity  to  total  as  low  as  $82  per  kw., 
emphasizes  the  principal  theme  in  this  study  of  power  station 
construction.  With  tliese  two  excellent  examples  before  us, 
the  double-decked  type  station  should,  in  future  station  work, 
evidently  receive  the  thoughtful  consideration  of  every  power 
plant  designer. 

This  type  i^  applicable  not  only  to  the  turbine,  but  also  to 
producer  gas  plants  of  considerable  capacity  where  the  relative 
location  of  power  machinery  may  be  reversed  to  good  advantage 
— the  engines  upon  the  ground  floor  and  producers,  scrubbers, 
and  all  auxiliaries  on  the  second  floor.  .  Recently  a  16,000-kw. 
plant  was  designed  for  a  large  city  railway  system,  in  which  the 
grotmd  floor  area  was  only  2.25  sq.  ft.  per  kilowatt,  accommo- 
dating eight  2000  kw.,  tandem,  horizontal  gas-engine  units  and 
24,000  h.p.  in  producers,  all  in  a  building  336  ft.  long,  107  ft. 
wide  and  82  ft.  high,  to  the  lower  chords  of  the  roof  trusses. 
In  this  type  of  plant  the  building  structure  is  comparatively 
light  by  reason  of  exclusively  static  loading  and  the  absence  of 
extremely  heavy  parts  in  producer-gas  apparatus. 
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WORKING  RESULTS.  GAS-ELECTRIC  POWER  PLANT 

Report  of  30-day  Test  on  Service  Plant,  Richmond  Works 
American  Locomotive  Co.,  Richmond,  Va. 


BY  J.  R.  BIBBINS 


In  this  paper  an  attempt  is  made  to  present  a  general 
study  of  a  problem  upon  which  only  very  limited  data  seem 
to  be  available — ^power  generation  by  gas-engine-driven  plants, 
its  commercial  efficiency,  and  ultimate  cost.  It  seems 
best  to  approach  the  subject  from  the  operating  standpoint, 
basing  calculations  upon  actual  working  results  from  a  specific 
case,  one  of  demonstrated  fact.  The  Richmond  tests*  are  con- 
clusive in  this  respect,  and  although  somewhat  limited  in  scope 
(being  only  a  commercial  test),  nevertheless  provide  a  starting 
point  for  further  deductions.  While  of  a  somewhat  cursory 
nature,  it  is  hoped  the  data  presented  will  serve  at  least  to 
emphasize  the  wide  field  of  the  modem  gas  power  plant. 

The  Richmond  plant.  The  equipment  consists  of  a  23.5  by  33 
in.  horizontal,  tandem  gas  engine,  with  a  direct  connected  direct- 
current  generator,  operating  on  producer  gas  generated  by  a 
pair  of  9-ft.  (shells)  bituminous  producers.  The  gas  is  purified 
by  means  of  wooden  slat  scrubbers  and  centrifugal  tar  extractor, 
motor-driven.  A  15,000  cu.  ft.  holder  serves  to  equalize  its 
quality  and  to  start  the  engine,  which  is  necessary  to  bring  the 
motor-driven  auxiliaries  into  service.  The  engine  is  of  the 
modem  double-acting  type,  giving  two  impulses  per  revolution, 
and  is  governed  by  a  sensitive  oil  relay  system  designed  to  relieve 
the  governor  of  all  valve  work.     Employing  the  constant  qual- 

♦Presented  by  courtesy  of  Mr.  Wm.  Dalton,  chief  engineer, 
American  Locomotive  Co. 
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ity  method,  the  ratio  of  air  to  gas  is  constant  except  when  the 
gas  itself  changes,  for  which  event  hand-regulating  dampers 
are  provided.  Duplicate  igniters  work  together  for  increased 
security.  For  the  same  reason  duplicate  sources  of  igniter 
current  are  available — ^motor-generator  and  lighting  mains. 
An  important  feature  of  the  producer  is  that  it  is  designed  for 
continuous  operation,  having  a  water-sealed  bottom  instead  of 
a  closed  ash  pit,  to  permit  the  removal  of  ash  at  any  time. 
It  generates  its  own  steam,  requiring  no  auxiliary  boilers,  so 
that  the  only  auxiliaries  required  for  the  entire  plant  are  a 
motor-driven  fan,  tar-extractor,  and  igniter  set.  In  the  aggre- 
gate these  auxiliaries  absorb  about  5  per  cent,  of  the  station 
capacity. 

The  Richmond  works  employ  motor-drives  to  a  considerable 
extent,  and  for  such  diversified  purposes  that  the  individual 
demands  superpose  to  a  large  degree  and  yield  a  fairly  constant 
total.  This  is  a  condition  conducive  to  the  most  efficient 
working  of  a  gas  power  plant,  and  influenced  to  some  extent 
the  choice  of  this  form  of  motive  power  in  this  particular  loca- 
tion. Constituting  the  main  service  plant  of  the  Richmond 
works,  it  is  called  upon  for  continuous  24-hour  service,  except 
on  Sundays  and  holidays. 

Herein  lies  one  essential  requirement  for  a  producer  plant 
test.  Owing  to  the  comparatively  long  period  required  for  a 
poimd  of  fresh  coal  to  work  through  a  fuel  bed  several  feet 
deep,  a  long  test  is  necessary  for  any  degree  of  accuracy.  With 
the  rapid  combustion  on  a  boiler  grate,  this  is  a  different  mat- 
ter, and  an  8-  or  10-hour  test  will  suffice.  But  in  producer 
work,  24  hours,  or  48  hours,  is  the  minimum.  In  this  case, 
the  test  was  continued  for  practically  four  weeks,  half  of  the 
time  on  a  full  load  nm  and  the  remaining  two  weeks  to  three- 
fourths  and  one-half  load  respectively,  with  a  rate  of  gasifica- 
tion of  0.25  tons  per  hour.  A  continuous  run  of  223  hours' 
duration  evidently  provides  an  excellent  guarantee  of  accurate 
results. 

The  test.  From  the  great  mass  of  data  recorded  during  this 
test,  it  will  suffice  to  extract  only  such  as  pertain  to  the  opera- 
tion of  a  plant  of  this  nature.  The  test  was  conducted  entirely 
by  the  company's  engineering  and  operating  staff,  and  for  the 
purpose  of  determining  the  fulfilment  of  guarantees.  The 
electrical  output  was  measured  by  direct-current  recording 
wattmeters  calibrated  from  a  laboratory  standard  previous  to 
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the  test.  The  water  consumption  was  also  metered,  no  great 
accuracy  being  desired.  The  coal  was  weighed  by  scales  checked 
from  time  to  time  by  standard  weights. 

Samples  from  such  weighings,  accumulated  during  a  day's 
run,  were  quartered  down  and  sealed  for  analysis,  Table  I. 

It  should  be  noted  that  at  full  load,  312  kw.,  the  engine  was 
running  somewhat  below  full  rating,  but  the  true  full-load  coal 
consumption  may  readily  be  found.  For  this  purpose,  these 
data  have  been  plotted  in  Fig.  1  in  the  form  of  three  related 

TABLE  I. 
Gbnbral  Results  op  Test. 


Nominal  Load 


Length  of  run,  hours 

Average  load,  kw 

Average  load,  computed  brake  h.p. 

Load,  per  cent,  engine  rating 

Load,  per  cent,  generator  rating 

Coal  gasified,  lbs 

Coal  gasified  per  hr 

Output,  kw-hr 

Lbs.  coal  per  kw-hr 

Lbs.  coal  per  kw-hr.,  guaranteed . . . 

Lbs.  coal  per  brake  h.p-hr 

Avg.  heat  value  of  coal,  B.t.u 

B.t.u.  per  kw-hr 

B.t.u.  per  brake  h.p-hr 

Per  cent,  thermal  efficiency,  brake . . 
Per  cent,  thermal  efficiency,  elec 


Three- 

One- 

Full 

Quarters 

Half 

223 

125 

136 

312.3 

228.3 

159.6 

455.0 

333.0 

238.0 

91.0 

67.6 

47.6 

104.0 

77.2 

53.2 

115,289 

54,143 

47,775 

517.0 

433.0 

351.0 

69,650 

28,540 

21,710 

1.654 

1.697 

2.20 

1.93 

2.10 

2.64 

1.14 

1.31 

1.66 

14.392 

14,392 

14,392 

23,700 

27,280 

31,650 

16,415 

18,710 

21.670 

15.51 

13.6 

11.75 

14.35 

12.65 

10.78 

Coal. — Pocohontas  run-of-mine;    avg.  heat  value  dry  sample,  14,703, 
as  fired,  14,392;  volatile  matter,  22.8%,  ash  4.5%,  sulphur  1%. 
Test. — Augvist  12,  7  a.m.,  to  September  7,  12  m. 

curves:  (a)  Rate  of  gasification  in  pounds  per  hour;  (b)  Poimds 
per  unit  of  output  per  hour,  and  (c)  Corresponding  thermal 
efficiency.  The  first  mentioned  curve  is  important  in  all  an- 
alyses of  steam  or  gas  engines  to  determine  the  rationality  of 
the  results,  for  the  line  of  heat  input  to  the  engine  as  well  as 
to  the  producer  should  be  practically  straight,  as  developed 
during  the  test  of  a  similar  engine  at  the  works  of  The  Norton 
Company.*     The    second    curve,    showing    the    relative    fuel 

*  Transactions  A.  S.  M.  E.,  December,  1907. 
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economy  at  variable  loads,  necessarily  follows  the  form  of  an 
equilateral  hyperbola,  being  derived  from  the  line  of  total  coal 
input.  Finally,  the  third  curve,  efficiency,  represents  that 
part  of  the  heat  in  the  coal  that  has  been  converted  into  useful 
work.  This  is  absolute  or  kinetic  efficiency,  and  not  akin  to 
the  **  efficiency  ratio "  employed  in  steam-engine  practice. 
It  covers  all  losses  between  coal  pile  and  switchboard.f  From 
the  curve,  Fig.  1,  the  gross  coal  consumption  of  the  plant  at  full 
engine  load,  is  550  lb.  per  hr.,  or  1.59  lb.  per  kw-hr.,  equivalent 
to  approximately  1.09  lb.  per  brake  h.p-hr.     And  with  400-kw. 


Fig.  1. — Gas  power  plant  economy  at  various  loads. 

load,  which  is  easily  within  the  limits  of  this  particular 
plant,  the  coal  consumption  would  be  roughly  1.5  lb.  per 
kw-hr.,  or  1.0  per  brake  h.p-hr. 

This  characteristic  of  constantly  increasing  economy  shown 
by  the  gas  engine  plant  up  to  the  point  of  maximum  load  illus- 
trates an  essential  difference  from  steam  engine  economy  which 

t  Taking  the  mechanical  equivalent  of  heat  as  776  B.t.u.,  the  thermal 
value  of  one  horse  power  is  2545  B.t.u.,  or  of  a  kilowatt,  3412  B.t.u. 
Hence,  absolute  thermal  efficiency  =  2545  -j-  B.t.u.  per  b.h.p.,  per  hour, 
or  upon  an  electrical  basis,  3412    -^   B.t.u.  per  kw-hr. 
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usually  is  best  at  loads  70  to  80  per  cent,  rating,  according  to 
the  cylinder  ratios  employed.  Although  the  gas  economy  curve 
is  quite  flat  beyond  half-load,  yet  the  plant  evidently  does  its 
best  work  well  loaded.  By  projecting  backward  the  line  of 
total  coal  gasified,  we  find  that  it  requires  over  one-third  of  the 
full-load  coal  to  nm  the  plant  unloaded.  This  represents  a 
standing  charge  against  its  operation,  becoming  less  and  less 
important  as  the  load  increases.  Barring  this  constant  loss, 
this  plant  would  be  capable  of  generating  power  at  the  rate  of 
one  pound  of  coal  per  kilowatt-hour,  which  rate  would,  more- 
over, be  constant  at  all  loads.  In  other  words,  additional  load 
might  be  acquired  at  this  rate  by  providing  for  the  constant 
losses  as  a  fixed  charge.  This  method  is  actually  employed 
by  some  central  stations  in  determining  power  rates. 

During  the  four  weeks'  test,  there  were  several  days  during 
which  the  plant  was  allowed  to  stand  idle,  as  the  works  are  not 
operated  Sunda>'s.  During  this  period,  some  coal  was  required 
to  keep  the  producer  fires  at  their  normal  level  and  in  good  con- 
dition. It  would,  of  course,  have  been  possible  to  starve  the 
fires  during  standby  periods,  but  this  would  simply  have  resulted 
in  a  higher  coal  consumption  during  the  succeeding  run.  Ac- 
cording to  the  judgment  of  the  producer  operator,  an  average 
of  1700  lb.  of  coal  were  required  to  compensate  for  standby 
losses  from  6  p.m.  Saturday  until  7  a.m.  Monday,  a  period  of 
37  hours.  Herein  lies  a  remarkable  feature  of  the  producer 
plant — the  low  rate  of  standby  losses,  averaging  only  46  lb. 
per  hour,  or  2.5  per  cent,  of  the  weekly  coal  consumption. 

Carrying  this  analysis  one  step  further,  Fig.  2  shows  a  graph- 
ical method  of  determining  the  producer  plant  efficiency.  Here 
are  plotted  three  economy  tests  and  the  standby  loss.  Not 
knowing  the  heat  input  to  the  engine  at  various  loads  by  actual 
test,  the  guaranteed  efficiencies  have  been  plotted  extending 
the  line  backward  to  a  point  of  zero  input.  This  corresponds 
to  166  kw.  total  losses  in  the  engine  unit.  Asstmiing  that  the 
producer  is  maintained  ready  for  operation,  there  are  four 
points  to  determine  the  curve  or  line  of  producer  input.  And 
the  ratio  between  engine  and  plant  input  gives  directly  the 
gross  efficiency  of  the  gas  generating  plant  from  coal  pile  to 
engine  throttle.  This  curve  shows  that  the  producer  maintains 
remarkably  uniform  efficiency  throughout  the  range  of  plant 
load.  This  results  from  the  fact  that  at  zero  output  of  station 
the  producer  is  operating  at  over  one-third  its  full-load  rate. 
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A  careful  measure  of  oil  consumption  was  made  during  the 
two  weeks'  run  at  full  load,  comprising  223  hours'  operation, 
also  the  water  consumption  of  the  engine.  During  this  period, 
the  average  rate  of  cylinder  oil  consumption  was  0.09  gal.  per 
hour,  or,  on  the  basis  of  a  ten-hour  working  day,  4.9  gal.  per 
week.  This  confirms  to  a  considerable  degree,  the  experience  at 
the  Norton  works,  where  an  engine  of  the  same  size  uses  3.5  to 
4  gal.  per  week,  ten-hour  day — a  rate  so  low  as  to  have  excited 


Fig.  2. — Graphical  method  of  determining  over-all  efficiency  of  producer 

plant. 

suspicion  of  its  correctness.  The  high  economy  of  oil  is,  how- 
ever, due  to  the  system  of  timed,  forced  circulation  employed. 
The  average  quantity  of  cooling  water  used  was  6.56  gal. 
per  boiler  h.p-hr.  at  heavy  load  with  inlet  temperature  varying 
from  75  to  80^  fahr.  and  outlet  from  140  to  150^  fahr.  This 
quantity  is  quite  reasonable  for  the  temperature  rise.  Inasmuch 
as  a  definite  quantity  of  heat  must  be  removed  from  the  engine 
at  a  given  load,  the  volume  of  water  necessary  evidently  varies 
with  the  rise,  so  that  in  winter  even  less  cooling  water  would 


Digitized  by  VjOOQIC 


1908] 


BIBBINS:  GAS-ELECTRIC  POWER  PLANT 


1129 


be  reqiiired.  Economy  of  water  may  be  carried  to  any 
reasonable  point  provided  the  outlet  temperature  of  any  part 
does  not  exceed  150°  fahr.  The  upper  limit  only  is  important. 
Operating  results.  It  seems  to  be  the  jgeneral  impression  that 
a  gas-power  plant  must  be  handled  gingerly  in  order  to  obtain 
good  results.  The  accompanying  operating  data  from  Rich- 
mond should  dispel  this  impression.  Fig.  3  shows  typical  re- 
sults for  two  months'  operation,  representing,  if  anything,  an 
output  somewhat  below  normal.  It  is  worth  while  to  note  the 
continuous  operation  throughout  the  week,  24  hours  per  day, 
and  particularly  the  high  average  load  sustained.  The  normal 
nm  at  Richmond  is  six  days  without  stopping.    In  fact  the  pro- 
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Fig.  3. — Electrical  log  for  two  months,  showing  average  maximum  and 
minimum  loads  carried. 

ducer  fires  remained  undisturbed  from  July  4,  1907,  until  early 
in  the  present  year,  when  an  opportunity  occurred  to  make 
careful  inspection  of  the  entire  equipment. 

The  plant  has  sustained  a  load  of  410  kw.  for  three  hours, 
19  per  cent,  overload  on  the  engines,  rnd  even  higher  overloads 
for  short  periods.  With  rich  gas,  the  power  of  the  engine  is 
correspondingly  increased  in  a  manner  exactly  analogous  to 
the  effect  of  variation  in  boiler  pressure  in  a  steam  plant.  How 
far  this  conservative  practice  may  be  carried  depends  upon  the 
operator;  it  is  for  him  to  decide  the  limitations  of  his  plant. 

Operating  costs.  From  the  preceding  data  and  the  other  items 
of  cost,  the  cost  of  power  may  be  estimated  at  various  load- 
factors.     Owing  to  the  fact  that  the  present  power  plant  was 
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made  to  accommodate  a  two-unit  plant,  the  cost  has  been 
computed  upon  this  basis;  and  in  view  of  the  excellent  results 
that  have  been  obtained  the  electrical  rating  of  the  plant  has 
been  placed  at  700  kw.,  or  1000  h.p.,  at  which  rating  the  in- 
vestment cost  becomes  about  $138  per  kw.,  or  $96  per  brake 
h.p.    complete,    including    machinery,    buildings,  foundations, 

TABLE  II. 
Cost  op  Power,  700  kw.  Gas  Powbr  Plant. 
Assumptions. 
Equipment  cost: 

Building  and  machinery $96,600 

Cost  per  kilowatt,  $138,  per  brake  h.p.,  $96.60. 
Fixed  charges: 

Interest  5%,  taxes  and  insurance  1.5%,  depreciation  (sinking 
fund  15  years  6%),  4.63%,  running  repairs  1.5%  on  in- 
vestment.    Total  12.63%  per  year 12,220 

Operation: 

3O0  days,  7200  hr.  per  year.  5,040,000  kw-hr. 

Input  to  auxiliaries,  6.4%  full,  10.8%  half-load. 

Standby  losses,  producer  plant,  1600  lb.  per  week,  2.1%  full, 

3.1%  half-load. 
Fuel  rate.  fuU  load,    1.59  lb. +  2.1%  =  1.62  lb.  per  kw-hr.; 
J-load  2.1  lb. +  3.1% -2.17  lb.  per  kw-hr. 

Cost  op  Power,  700-kw.  Turbine  Plant. 
Assumptions. 
Equipment: 

Building  and  machinery,  $100  per  kilowatt $70,000 

Fixed  charges: 

Interest  5%,  taxes  and  insurance  1.5%;  depreciation  (sinking 

fund  16}  yrs.  at  5%)  4%;  repairs  1%;  total  11.5% 8,050 

Operation: 

300-day  year,  7200  hr. 

Average  water  rate,  full-load  21.5  lb.  per  kw-hr. 
Average  water  rate,  one-half  load  25.5  lb.  per  kw-hr. 
Gross  evaporation,  7.5  to  8.0  lb. 
Standby,  banking,  10  to  15%. 

Gross  coal  consumption,  full,  2.96  lb.  per  kw-hr.;  half,  3.9  lb. 
per  kw-hr. 
Wages  and  supplies — Same  as  gas. 

piping,  erection — in  fact  all  items  except  the  value  of  the  land 
occupied.  Considering  the  limited  size  of  the  plant,  this  does  not 
represent  an  excessive  cost,  which  in  large  plants  would  probably 
be  as  low  as  $100  to  $125  per  kw. 

In  this  total  cost  of  power  are  included  the  usual  fixed  charges 
— ^interest  at  6  per  cent.,  taxes  and  insurance  1.5  per  cent.  In 
the  absence  of  any  data  on  repairs  (there  having  been  none  on 
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the  engine  up  to  the  present  time,  and  ver}'  small  repairs  on 
generator  and  producer),  this  item  has  for  convenience  been  in- 
cluded in  the  fixed  charges  at  1.5  per  cent,  on  the  plant  in- 
vestment. Further,  depreciation  has  been  included  in  the 
form  of  a  sinking  fund,  based  upon  15  years'  life  of  plant  at 

TABLE  III. 
Cost  per  Kilowatt-Hour  and  Horse-Power- Year,  Gas  Plant. 

Cost  items  Full  load     Half  load 

Cents  per  kw-hr. 

Coal at  $1.00  0.081  0.109 

2.00  0.162  0.217 

4.00  0.324  0.434 

6.00  0.486  0.651 

Wages per  year,  $6,160  0. 121  0.242 

Supplies "  S.Sr^O  0.076  0.143 

Fixed  charges "  12,200  0.242  0.484 

Total  costs^co&l  at  $1.00 0.520  0.978 

2.00 0.601  1.086 

Richmond  coal . . .  .2.70 0.658  1 .  163 

4.00 0.763  1.303 

6.00 0.925  1.620 

Dollars  per  electric  h.p.  year 
Equivalent  power  rate: 

300-day  year,  coal  at  $1.00 $27.90  $52.40 

2.00 32.30  58.20 

2.70 35.60  62.40 

4.00 41.00  69.90 

6.00 49.60  81.50 

Charges  for  auxiliaries  if  motor-driven 2.7%  7.4% 

Saving  gas  over  steam: 

Coal  at 1 .00  —3%  loss  —8.5%  loss 

2.00  +8%  gain  +0.9%  gain 

2.70  12.9%     "  4.7%     " 

4.00  19.6%     "  12.4%     " 

6.00  33.7%     "  19.0%     « 

5  per  cent,  interest.  This  latter  method  may  be  contrary  to 
general  practice,  but  considering  the  nature  of  the  depreciation 
f\md  and  its  earning  capacity,  the  annuity  method  seems  most 
logical. 

These  costs  are  shown  in  Table  III.    Based  on  300-day  opera- 
tion, 7200  hours  per  year,  the  fixed  costs  are  distributed  only 
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over  the  operating  period,  not  over  the  entire  year.  Ard,  as- 
siiming  the  price  of  coal  largely  determined  by  location,  the 
efficiencies  at  various  loads  are  considered  constant,  irrespective 
of  the  price  of  coal.  Both  standby  losses  and  power  consump- 
tion charges  have  been  included.  As  we  are  considering  an 
industrial  plant  in  which  the  load  averages  practically  tmiform 
throughout  the  day,  it  suffices  to  estimate  power  costs  at  full 
and  half  loads  respectively.  This  has  been  done  in  Table  III 
for  various  coal  prices.  Coal  prices  are  based  upon  net  ton. 
The  results  show  that  at  the  price  of  fuel  at  Richmond,  $2.70, 


Fig.  4. — Graphical  method  of  determining  comparative  cost  efficiency 
producer  gas  versus  steam  turbine  plant  for  Richmond  conditions. 

power  can  be  delivered  at  switchboard  at  a  cost  of  two- thirds 
of  a  cent  per  kilowatt-hour  for  a  fully  loaded  plant  operating 
7200  hours  per  year,  or  less  than  1.25  cents  operating  at  half- 
load,  and  this  taking  into  account  fixed  charges  which  range 
around  40  per  cent,  of  the  total  cost.  Even  with  coal  as  high 
as  $6  per  ton,  the  total  cost  of  power  would  be  under  one  cent 
per  kilowatt-hour,  obviously  an  excellent  result. 

Relative  cost  of  gas  and  steam  power.  That  there  may  be  no 
mistmderstanding  of  the  preceding  cost  results,  a  comparison 
has  been  drawn  up  for  a  steam  turbine  plant  operating  tmder 
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the  same  load.  This  comparison  covers  only  two  variable 
factors,  coal  cost  and  loading.  And,  while  not  intended  to  be 
of  more  than  tentative  interest,  it  will  serve  to  show  the  gen- 
eral range  of  working  in  which  the  gas  and  the  turbine  plant 
will  respectively  predominate.  The  asstmiptions  upon  which 
this  comparison  is  based,  are  given  in  Table  II,  the  costs  are 
embodied  in  Fig.  4,  and  the  relative  saving  in  Table  III. 

At  the  price  of  coal  prevailing  in  Richmond,  the  gas  plant 
shows  13  per  cent,  gain  over  steam  at  full  load,  and  5  per  cent,  at 
half  load.  Owing  to  the  handicap  of  hijjher  fixed  charges,  the  . 
turbine  plant  naturally  shows  a  lower  power  cost  with  low- 
priced  coal;  that  is,  where  freight  rates  are  low.  But  even  a 
mine  operator  is  not  justified  in  charging  himself  for  power 
fuel  less  than  the  prevailing  market  price  (f.o.b.  mines).  For 
the  high-grade  fuels,  the  mine  rates  are  about  $1.25  for  run-of- 
mine  and  $0.90  for  slack  and  screenings.  Hence,  in  reality, 
this  gas  power  system  influences  an  extensive  field.  It  is 
evident  from  the  diagram  that  a  less  efficient  prime  mover  than 
the  steam  turbine  would  show  a  cost-line  lying  not  only  above 
but  at  a  greater  inclination  than  the  turbine  line,  which  would 
bring  the  point  of  equal  cost  between  gas  and  steam  to  a  still 
lower  price  of  coal,  and  largely  increase  the  saving.  In  Fig.  4 
the  crossing  of  the  steam  and  gas  Unes  indicates  the  starting 
point  of  gas  power  work — $1.25  coal  for  a  fully  loaded  plant, 
and  $1.90  at  half-load.  Or,  considering  the  matter  in  another 
light,  with  steam  coal  at  $2.70,  we  could  afford  to  pay  about  $4 
for  gas  coal  for  the  same  cost  of  power. 

On  the  other  hand,  with  light  loads  or  fluctuating  loads  av- 
eraging but  a  fraction  of  the  generating  capacity,  the  gas  plant 
is  evidently  at  a  disadvantage.  And  for  this  reason  the  turbine 
plant  still  finds  exclusive  application  in  all  service  subject  to 
extreme  overloads  of  variations.  In  fact,  with  the  extension 
of  a  large  electric  power  system,  such  as  at  the  Richmond  works, 
it  is  possible  that  a  combined  gas-engine-turbine  plant  may 
best  meet  load  requirements  with  the  highest  resultant  economy, 
the  turbine  unit  carrying  fluctuating  peaks  and  the  gas  engines 
the  uniform  load,  as  suggested  by  Mr.  H.  G.  Stott.  At  present, 
hot  gas-engine  jacket- water  is  utilized  directly  for  boiler  feed 
in  an  auxiliary  air-compressing  plant,  although  charged  for  in 
the  cost  table.  This  arrangement  would,  of  course,  be  even 
more  applicable  to  the  combined  plant,  permitting  most  of  the 
auxiliaries  to  be  motor-driven  without  loss  of  heat  for  feed  water. 
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Discussion  on  "  Working  Rbsults  from  Gas-Electric  Powbr 
Plant.  Report  op  30-Day  Test  on  Service  Plant,  Rich- 
mond Works,  American  Locomotive  Company."  Atlan- 
tic City,  N.  J.,  July  1,  1908 

.  J.  P.  Jackson:  I  have  found,  as  I  presume  all  who  have 
dealt  with  gas  power-plants  have  found,  that  the  first  question 
to  be  determined  is  that  of  reliability.  Is  it  possible  to  have 
a  plant  that  will  operate  continuously  with  good  service  under  all 
conditions,  a  plant  that  will  not  shut  down  on  account  of  trouble 
of  one  kind  or  another,  as  gas  plants  have  a  habit  of  doing? 

The  first  cost  of  gas  plants  has  been  referred  to,  and  it  is  ad- 
mittedly high.  A  steam  plant  can  usually  carry  a  heavy  over- 
load but  it  is  difficult  to  equal  such  service  with  a  gas  plant 
unless  the  gas  is  exceedingly  rich.  If  the  gas  is  poor  even  less 
than  rated  load  is  sometimes  obtained. 

Flexibility  and  reliability  of  the  auxiliaries  are  essential. 
Can  a  spark  system  be  made  reliable:  a  system  that  can 
be  fixed,  in  case  it  gets  out  of  order,  without  shutting  down 
the  whole  unit?  Probably,  with  proper  duplication,  that  can 
be  done.  Compressed  air  is  usually  used  to  start  gas  engines. 
I  think  many  gas  plants  have  had  trouble  because  the  com- 
pressed air  apparatus  has  not  been  independent,  so  that  in  case 
the  air  is  lost  in  the  tanks,  they  can  be  pumped  full  in  a  few 
minutes.  Circulating  pumps  and  coolers  are  needed,  unless 
water  is  inexpensive.  Such  water  is  for  cooling  the  engines  and 
for  use  in  the  scrubbers  and  vaporizers.  If  a  suction  producer 
plant  is  under  consideration,  a  blower  is  necessary  to  start  the 
fire  and  also  suitable  arrangements  must  be  made  for  cleaning 
fires,  if  it  is  desired  to  run  twenty-four  hours  a  day. 

So  far  as  I  am  able  to  observe,  if  a  small  gas  plant  is  in  good 
running  order  the  labor  is  less  expensive  than  in  the  case  of 
steam  plants,  though  in  most  cases,  such  plants  being  still  in  the 
experimental  stage,  there  is  apt  to  be  extra  expense  which  mater- 
ially raises  the  labor  account.  I  believe,  however,  that  when  we 
get  the  gas  engine  to  the  same  point  of  perfection,  the  labor 
will  probably  be  a  less  expensive  item  than  in  the  case  of  the 
steam  plant.  In  a  plant  with  a  large  load-factor  the  fuel  cost 
will  be  less  than  that  in  a  steam  plant  of  small  unit  or  size. 
The  saving  in  coal  has  to  be  oflFset  against  other  items,  however. 
The  cost  of  water  is  important,  inasmuch  as  a  water  cooler  and 
condenser  must  be  used. 

Deterioration  and  repairs  have  been  enormous  items  of  ex- 
pense, which  can  be  eliminated  to  a  large  extent.  There  is 
no  reason  why  a  well-designed  gas  engine  cannot  maintain  its 
brasses,  instead  of  having  them  eaten  out  by  sulphuric  acid; 
why  it  cannot  continue  to  run  with  about  the  same  stability  as 
a  steam  engine. 

So  far  as  making  the  gas  goes,  producers  for  gas  purposes  are 
undoubtedly  less  expensive  to  keep  up,  and  they  need  less 
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attention  than  steam  boilers.  They  cost  less  originally.  In 
gas  plants  there  are  needed  gas  testers  that  continuously  record 
the  character  of  the  gas;  these  are  as  necessary  as  gauges  in  a 
steam  plant  to  record  the  steam  pressure.  Suction  gauges  are 
scarcely  sufficient. 

I  have  spoken  of  troubles,  because  they  have  come  forcibly 
to  my  notice.  But  I  believe  that  so  far  as  reliability  of  service 
goes,  it  should  be  possible  to  build  a  producer  plant  which  will 
give  just  as  reliable  service  as  a  steam  plant,  especially  for  small 
units  in  locations  where  the  price  of  fuel  is  high.  The  annual 
cost,  including  depreciation  on  the  higher  first  cost,  labor,  and 
fuel,  and  every  other  item  of  expense,  should  be  in  many  cases 
less  for  the  gas  plant  than  for  the  steam  plant. 

J.  R.  Bibbins:  The  ability  of  a  gas-power  plant  to  carry  over- 
load is  entirely  a  question  for  the  designing  engineer  to  decide. 
The  maximum  capacity  of  a  gas  engine  is  reached  when  the  cylin- 
der is  full  of  mixture  of  maximum  density;  this  is  analogous  to 
a  steam  engine  taking  full-stroke  steam.  At  the  present  time 
engines  of  good  construction  are  rated  with  a  continuous  over- 
load capacity  of  from  10  to  15  per  cent.  In  the  plant  at  Rich- 
mond the  engine  has  sustained  a  one-hour  overload  of  over 
30  per  cent,  or  a  three-hour  overload  of  19  per  cent.  These 
results  were  obtained  with  good  gas,  but  conditions  are  not  al- 
ways so  favorable,  and  conservative  builders  lower  their  ratings 
in  order  to  cover  contingencies  entirely  beyond  their  control. 
In  fact,  this  particular  engine  has  about  20  per  cent  excess  ca- 
pacity. A  knowledge  of  future  operating  conditions  would  un- 
doubtedly have  enabled  the  designer  of  this  plant  to  take  ad- 
vantage of  this  in  electrical  ratings. 

The  steam  turbine,  as  built  to-day  in  America,  is  exerting  an 
embarrassing  influence  on  the  question  of  gas-power  ratings, 
as  American  practice  is  extremely  conservative.  Compared  with 
German  practice,  for  example,  it  will  be  found  that  foreigners  are 
much  less  conservative  in  overload  ratings,  as  determined  by 
temperature  guarantees.  If  the  same  basis  of  rating  existed 
for  domestic  machinery  as  for  foreign  generating  machinery, 
even  turbines,  American  practice  in  gas-engine  ratings  would 
not  be  so  generally  criticized,  and  the  prime  mover  would  not 
be  called  upon  to  compensate  for  deficiencies  in  plant  equipment 
or  operation.  Standardization  of  gas-power  practice  is  now 
being  considered  by  the  American  Society  of  Mechanical  Engi- 
neers. A  committee  was  appointed  last  December,  and  witliin 
the  next  year  it  is  probable  that  American  practice  will  be  well 
defined  and  placed  upon  a  more  logical  basis  than  at  present 
exists,  where  nearly  every  manufacturer  has  his  own  standards. 

The  principal  object  of  the  paper  is  to  present  some  definite 
data  on  the  operation  of  the  modem  plant,  properly  equipped 
and  operated,  data  which  clearly  refutes  the  general  charge  of 
unreliability  and  costliness  so  often  encountered.  Such  charges 
are  usually  based  upon  individual  experience  or  general  mis- 
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information.  There  is  nothing  unusual  about  the  Richmond 
installation — a  standard  type  of  gas  engine — a  simple  form  of 
bituminous  producer  with  independent  auxiliaries  for  tar  re- 
moval. The  plant  is  capable  of  continuous  operation  through 
the  use  of  water-seals  at  the  producers;  the  lubrication  and 
cooling  of  tlie  engine  are  automatic;  the  ignition  system  is  in 
duplicate;  and  the  governing  fully  as  sensitive  as  in  standard 
steam  practice — 2  to  2.5  per  cent  variation  of  mean  speed. 
Although  a  direct-current  installation  in  this  instance,  the 
regulation  obtained  from  this  type  of  engine  is  sufficient  to 
permit  alternating  current  parallel  operation  without  the  use 
of  spring  couplings. 
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FROM  STEAM  TO  ELECTRICITY  ON  A  SINGLE  TRACK 

ROAD 


J.    B.    WHITEHEAD 


As  bearing  on  the  general  problem  of  conversion  from  steam 
to  electricity  for  railroad  operation,  attention  may  be  drawn 
to  the  probable  influence  of  the  methods  followed  and  results 
obtained  in  equipping  single-track  roads.  Of  the  total  mileage 
in  this  country,  about  60%  is  single  track.  The  conditions 
obtaining  on  such  roads  are  necessarily  widely  diflFerent  from 
those  on  the  large  trunk-line  sections  which  have  been  recently 
electrically  equipped.  While  the  several  notable  papers  which 
have  recently  appeared  on  this  and  kindred  subjects  have  taken 
quick  advantage  of  the  data  available  from  the  short  periods  of 
operation  of  several  large  installations,  it  cannot  be  said  that  the 
conditions  in  those  cases  are  typical  of  more  than  a  part  of  the 
entire  problem. 

Between  the  interurban  road  of  comparatively  light  units 
and  the  large  trunk-line  installation  with  locomotive  equip- 
ment, there  is  an  intermediate  class  of  steam  road  which,  if 
equipped  with  electricity,  should  furnish  excellent  indication 
as  to  the  results  to  be  expected  in  the  larger  projects.  These 
roads  have  usually  single  track  and  operate  combined  pas- 
senger and  freight  traffic  over  moderate  distances.  Unfor- 
timately,  the  change  in  this  type  of  road  cannot  often  be  made 
attractive  on  the  ground  of  increased  economy  of  opp'ation; 
the  transfer  is  usually  accompanied  by  such  an  increa?  m  fixed 
charges  as  to  more  than  offset  the  economies  possiole  under 
electrical  operation.  The  road  described  in  this  paper  is  no 
exception  in  this  respect,  but,  as  is  often  the  case,  other  con- 
siderations were  deemed  important  enough  to  justify  the  change 
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to  electricity.  The  road  has  a  long  steam  history  which  shotdd 
permit  excellent  opportimities  for  comparison  of  results  under 
steam  and  electricity.  The  considerations  leading  to  the 
adoption  of  the  GGOO-volt,  single-phase,  alternating-current 
system  are  given  at  some  length;  opportunity  is  taken  to  review 
the  authority  for  several  engineering  constants  commonly 
accepted;  and  an  estimate  is  made  as  to  the  probable  effect  of 
the  change  on  the  cost  of  operation. 

The  road.  The  Annapolis  Short  Line,  a  property  of  the 
Maryland  Electric  Railways  Company,  is  a  single-track,  standard 
gauge  steam  road  between  Baltimore  and  Annapolis.  Its  length 
is  25.25  miles  and  in  addition  there  is  a  branch  4  miles  long  ex- 
tending south  of  AnnapoUs  to  Bay  Ridge,  a  summer  resort  on 
Chesapeake  Bay.  The  Baltimore  terminal  is  Camden  Station, 
the  main  terminal  of  the  Baltimore  &  Ohio  Railroad.  At 
Annapolis  the  entrance  is  direct  into  the  Short  Line's  own  ter- 
minal, at  which  point  are  located  its  shops,  roundhouse,  car 
bams,  etc.  The  maximum  gradient  is  1.5%,  the  longest  stretch 
at  this  figure  being  1.5  miles.  There  is  one  curve  of  8®,  one  of  6®, 
several  of  4°  30',  and  many  of  easier  figure.  There  are  three 
bridges,  one  of  them,  over  the  Severn  River  being  3700  ft.  long 
and  two  have  draws.  The  rail  is  80  lb. ;  the  ballast  gravel  and 
cinder.  The  present  normal  service  comprises  seven  trains  per 
day,  averaging  three  coaches  each,  in  each  direction.  The 
approximate  monthly  car-mileage  is  30,000.  The  fastest  time 
is  45  minutes  between  terminals  with  5  intermediate  stops,  a 
schedule  speed  of  33.7  miles  per  hour.  There  is  one  train  per 
day  of  this  class  in  each  direction.  The  local  running  time  is  1 
hour  with  an  average  of  15  stops,  a  schedule  speed  of  25.25 
miles  per  hour.  There  is  one  freight  train  each  way  daily  and 
there  are  occasional  large  excursion  loads. 

Aside  from  the  demands  of  a  constant  high-class  patronage 
between  the  two  cities,  the  conditions  imposed  by  operation 
over  more  than  a  mile  of  the  crowded  B.  &  O.  R.R.  tracks  and 
into  its  terminal,  have  resulted  in  excellent  operating  efficiency 
and  schedule  maintenance. 

Reasons  for  change  to  electricity.  The  objects  sought  in 
changing  to  electrical  operation  were  increased  car-mileage, 
more  frequent  service,  express  service  at  least  as  fast,  cleaner 
service,  and  the  sentimental  and  indefinable  attraction  inherent 
in  electrical  operation.  It  is  evident  that  the  first  three  of  these 
objects  could  be  attained  with  much  less  initial  expenditure 


Digitized  by  VjOOQIC 


1908]  A  SINGLE-TRACK  ROAD  1141 

by  increasing  the  rolling  stock,  double  tracking,  installing  block 
signals,  etc.  DijBiculty  might  be  met  in  the  Baltimore  terminal 
of  the  B.  &  O.  R.R.,  where  the  number  of  train  movements  in 
and  out  attendant  upon  turning  a  locomotive  and  the  time 
consumed,  are  already  limiting  factors.  It  would  appear,  how- 
ever, that  this  difficulty  also  might  be  met  by  the  use  of  double- 
end  locomotives. 

Elsewhere  in  this  paper  a  comparison  is  made  of  operating 
expenses,  maintenance,  and  interest  charges  for  steam  and 
electric  operation  of  the  present  schedule.  The  comparison 
indicates  that  the  operating  and  maintenance  expenses  alone 
would  be  about  the  same  in  the  two  cases;  with  interest  charges 
included,  however,  the  total  of  these  items  combined  would  be 
increased  about  16%  in  changing  from  steam  to  electricity. 
While  a  part  of  this  increase  is  due  to  the  high  price  paid  for 
power,  it  will  be  evident,  notwithstanding,  that  the  conditions 
are  not  such  as  to  ofFer  any  prospect  of  increased  economy  of 
operation  by  electricity.  Reasons  are  present,  however,  which 
in  the  eyes  of  the  controlling  interests  are  sufficiently  cogent  to 
more  than  overcome  this  objection,  and  to  justify  the  abandon- 
ment of  steam. 

Owing  to  the  fixed  nature  of  the  traffic  to  and  from  Annapolis, 
and  to  the  fact  that  the  local  business  is  only  25%  of  the  total, 
the  direction  in  which  increased  business  may  be  looked  for  is 
in  the  development  of  the  region  between  the  two  cities.  As 
the  road  runs  for  about  8  miles  along  the  north  side  of  Round 
Bay  and  Severn  River,  through  high  and  attractive  country, 
the  prospect  is  unusually  good  and  already  attested  by  the  rise 
in  real  estate  values.  It  is  believed  that  this  development, 
slow  in  the  past  imder  steam,  will  be  an  early  result  of  frequent 
electric  service.  Further,  the  aim  is  to  develop  excursion  busi- 
ness to  Bay  Ridge  to  a  degree  not  possible  with  steam.  The 
superiority  of  electricity  for  this  class  of  service  is  well  known. 
Finally  the  Washington,  Baltimore  &  Annapolis  Railroad,  to  a 
certain  extent  a  parallel  line,  and  formerly  a  steam  road,  is  also 
changing  to  electricity  and  is  extending  its  tracks  to  city  streets 
at  each  end.  The  distance  from  Annapolis  to  Baltimore  by  this 
route  is  about  15%  greater  than  by  the  Short  Line,  and  the  latter 
has  at  present  about  80%  of  the  through  business.  The  two 
roads  are  not  competitive  in  local  business,  as  they  lie  on  opposite 
sides  of  the  Severn  River.  The  practical  necessity  for  electrifica- 
tion on  the  part  of  the  Short  Line  is  evident.    This,  therefore, 
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is  one  further  instance  in  which  the  adoption  of  electricity  is 
caused  not  by  any  prospect  of  better  economy  of  operation, 
and  not  because  it  was  more  attractive  in  first  cost  than  steam 
for  increasing  service.  The  reasons  are  fotmd  in  special  local 
conditions,  and  in  the  confidence  that  electric  service  will  in- 
crease business  to  a  degree  not  possible  with  steam. 

Power  supply.  There  are  in  Baltimore  two  25-cycle,  13,200- 
volt,  three-phase  power  plants.  One,  operating  the  street 
railways,  has  35,000  kw.  installed;  the  other  supplies  the  larger 
part  of  the  city's  lighting  and  power  and  has  13,000  kw.  in- 
stalled. This  latter  plant  is  on  the  Annapolis  Short  Line  about 
1.5  miles  from  Baltimore.  Each  of  these  companies  has  an 
arrangement  for  receiving  power  from  the  Susquehanna  de- 
velopment. Under  these  circumstances  it  was  decided  to 
purchase  power.  A  contract,  several  features  of  which  will 
be  mentioned  later,  was  entered  into  with  the  latter  company 
whose  plant  lies  on  the  line  of  the  road. 

Type  of  car.  To  meet  the  present  daily  passenger  car  mileage, 
single-car  trains  on  one-half  hour  headway  in  the  busier  morning 
and  afternoon  hours,  and  on  hourly  headway  at  other  times 
are  proposed;  through  expresses  and  locals  will  alternate.  A 
description  of  the  car  adopted  is  not  necessary  here,  and  may 
be  had  elsewhere.  It  may  be  stated,  however,  that  it  is  of  a 
type  and  design  specially  chosen  to  meet  the  demands  of  the 
required  high-speed  service.  The  center,  intermediate  and 
side  sills  are  of  steel.  Wheels,  trucks  and  couplers  are  accord- 
ing to  M.  C.  B.  standards.  Train  control  is  provided  for  both 
air  brake  and  electric  equipment.  The  car  is  of  the  Pullman 
type.  The  electric  control  is  on  one  side  of  the  vestibule  and  is 
enclosed  at  the  rear  end  by  a  door,  which  when  operating  in 
the  forward  direction  serves  to  seclude  the  motorman.  The 
express  car  seats  62  passengers,  is  55  ft.  long,  and  the  body 
alone  weighs  about  32,000  pounds.  By  multiple  imit  train 
control  two-car  trains  on  the  above  mentioned  schedule  will 
double  the  present  car  mileage.  Modulate  excursion  loads 
.  may  be  handled  with  the  equipment  as  installed.  For  possible 
concentrated  loads  steam  will  be  relied  on. 

Available  systems.  In  estimating  the  relative  advantages  of 
direct  current  and  alternating  current  systems  for  the  service, 
it  was  considered  that  the  single-phase  system  is  the  only  avail- 
able alternating  current  system  which  has  shown  itself  com- 
mercially successful  in  this  country,  and  that  the  direct  current 
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system  has  no  advantages  so  far  as  actual  operating  condi- 
tions are  concerned.  On  the  other  hand  the  1200-volt  direct 
current  system  was  not  considered,  since  it  does  not  offer  a 
sufficient  number  of  examples  from  which  deductions  as  to 
operative  success  may  be  drawn.  The  choice  of  system  was 
therefore  based  on  a  comparison  of  the  available  single-phase 
25-cycle  system  and  the  600-volt  direct  current  system.  This 
comparison  was  made  from  the  standpoints  of  first  cost  and 
operating  expenses;  under  the  latter  are  included  power  con- 
sumption, station  attendance  and  maintenance  of  equipment. 
As  the  physical  differences  in  the  two  systems  are  not  limited 
to  the  car  and  station  equipments,  but  extend  also  to  the  dis- 
tributing and  return  conductors,  a  somewhat  detailed  study  of 
the  effects  in  these  two  portions  of  both  systems  was  made 
with  special  reference  to  the  values  of  constants  as  given  by 
several  authorities.  The  constants  for  rail  return  and  alter- 
nating current  trolley  drop  vary  rather  widely  in  the  literature 
of  the  subject.  The  following  comparative  figures  are  tnerefore 
not  without  interest.  A  note  on  the  train  resistance  of  single 
cars  is  also  given. 

Distributing  Conductors 
DirecUcurrent  rail  return.  Owing  to  indeterminate  values 
of  the  resistance  of  the  paths  of  currents  actually  passing  to 
earth,  and  of  increased  conductivity  due  to  rail  joints,  the 
results  of  tests  on  contacts  between  bonds  and  rails  and  the 
values  of  bond  resistance  do  not  lead  to  reliable  results  when 
applied  to  the  calculation  of  the  resistance  of  rail  return.  Data 
from  existing  tracks  are  available  however  and  show  a  rather 
wide  difference  of  opinion  as  to  permissible  resistance  of  joint. 
Parshall  and  Hobart  in  **  Electric  Railway  Engineering  "  place 
the  resistance  of  "well-bonded  track**  at  5%  greater  than  calcu- 
lated continuous  rail.  One  well-known  road  of  this  cotmtry 
replaces  a  bond  if  it  shows  a  resistance  higher  than  that  of 
3  ft.  of  rail,  i,e,,  about  10%  of  continuous  rail,  and  tests  on  its 
track  show  the  bond  resistance  to  vary  between  24  inches  and 
14  inches,  or  in  the  neighborhood  of  6%  of  rail.  Another  con- 
spicuous road  places  the  defective  limit  as  high  as  5  ft.  or  15% 
of  continuous  rail,  with  rails  bonded  to  full  capacity.  The 
Electric  Railway  Test  Commission  Reports  show  that  for  single 
track  laid  in  cinders  and  bonded  to  17%  of  its  conductivity 
the  measured  resistance  is  about  36%  greater  than  the  value 
for  continuous  rail.     In  this  case,  however,  the  bond  was  out- 
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side  the  angle  bar  and  30  inches  long.  The  measured  value  is 
less  by  3%  than  the  calculated  sum  of  rail  and  bond,  even  with 
contact  between  rail  and  bond  assumed  as  zero.  This  indicates 
leakage  to  earth  and  increased  conductivity  due  to  rail  joints. 
To  estimate  the  resistance  of  the  same  track  with  bonds  12  inches 
long,  a  calculation  was  made  assuming  the  30-inch  bond  as  one 
branch  of  a  divided  circuit,  the  other  branch  being  the  joint 
plates  and  stray  paths.  The  resistance  of  the  stray  path  was 
thus  determined.  For  this  track,  then,  bonded  to  17%  of  its 
capacity  with  bonds  12  inches  long,  the  resistance  would  be  that 
of  continuous  rail  plus  11%.  Bonded  to  34%  of  equivalent 
copper  and  with  bonds  12  inches  long,  the  resistance  wotild  be 
that  of  continuous  rail  plus  6.6%. 

In  view  of  the  above  we  may  take  as  attainable  values  of 
track  return  with  12  inch  bonds  the  resistance  of  continuous 
rail  plus  15%  when  bonded  to  17%  of  the  equivalent  copper; 
the  resistance  of  continuous  rail  plus  10%  when  bonded  to  34% 
of  equivalent  copper;  and  when  bonded  to  full  capacity  and  under 
best  conditions  of  maintenance  the  value  may  be  as  low  as  that 
of  continuous  rail  plus  5%. 

Alternating-current  distributing  conductors.  We  may  con- 
veniently consider  the  effects  in  trolley  and  track  at  the  same 
time.  When  carrying  alternating  current  the  rails  are  the 
seat  of  reactance  as  well  as  resistance.  Numerous  tests  have 
been  made  for  determining  their  values.  These  tests  differ 
somewhat,  as  the  phenomena  depend  largely  on  the  current 
density  and  on  the  shape  of  section  and  material  of  the  rail. 
Perhaps  the  most  pretentious  tests  are  those  of  the  Electric 
Railway  Test  Commission  at  St.  Louis.  It  is  to  be  regretted 
that  these  tests  were  not  made  on  a  track  which  conformed 
more  nearly  to  present  standards  and  were  not  more  carefully 
prepared  for  publication.  The  report  on  this  portion  of  the 
work  presents  many  inconsistences  and  omissions;  and  a  30- 
inch  2/0  bond  can  scarcely  be  said  to  be  common  in  practice. 
There  is,  however,  much  of  value  in  the  published  account  of 
the  tests. 

The  drop  in  a  single  track  of  56-lb.  rails,  and  with  the  trolley 
18  ft.  above  the  rails  at  25  cycles  and  200  amps,  is  given  by  the 
Railway  Test  Commission  as  122  volts  per  mile-,  with  a  total 
power  factor  of  .60.  The  total  reactance  volts  are  about  97.6, 
of  which  38.6  are  due  to  the  rails  and  ground,  (as  shown  in  a 
separate  test)  leaving  59  reactance  volts  per  mile  due  to  the  field 
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between  trolley  and  track.  The  current  density  of  200  amperes 
has  been  chosen  here  for  comparison  of  values  since  it  represents 
approximately  the  maximum  alternating  trolley  current  which 
will  be  reached  on  the  road  under  investigation. 

Parshall  and  Hobart  in  "  Electric  Railway  Engineering  "  give 
the  following  figures  on  page  285. 

At  25  cycles,  4/0  trolley,  20  ft.  above  track 

Impedance  volts  per  100  ampere  per  mile,  80  lb.  rails  =  76.5 
«  u        u       u  u  «        «      gQ    a         «      „  75  3 

These  figures  are  higher  than  those  of  the  Railway  Test  Com- 
mission. This  is  largely  due  to  the  large  value  of  the  ratio  of 
alternating  current  to  direct  current  drop  in  the  track,  Parshall 
and  Hobart  giving  8.1  and  the  Test  Commission  Report  giving 
5.5  for  the  same  weight  of  rail.  The  sections  of  rails,  however, 
are  different  and  the  current  density  is  not  given  by  Parshall 
and  Hobart  although  this  ratio  depends  largely  on  current 
density.  That  these  large  values  of  this  ratio  do  not  have  a 
greater  effect  on  the  impedance  of  trolley  and  track  is  due  to 
the  comparatively  high  ohmic  resistance  of  the  trolley.  Thus 
in  the  calculation  given  hereafter  for  80  lb.  rails  the  total  drop 
at  160  amperes  per  mile  at  25  cycles  is  about  64  volts,  the  direct 
current  drop  in  the  trolley  would  be  33  volts,  and  in  the  track 
3.2  volts,  giving  as  the  ratio  of  alternating  current  to  direct 
current  drop  for  trolley  and  track  about  1.85.  Parshall  and 
Hobart's  figures  indicate  the  small  influence  of  the  difference 
in  weight  of  rail  on  the  total  impedance,  although  the  im- 
pedance of  the  rails  alone  increases  markedly  with  the  weight. 

One  of  the  manufacturing  companies  places  the  drop  per 
100  amperes  per  mile  in  3/0  trolley  and  80  lb.  track  at  62  volts, 
height  of  trolley  not  stated.  This  figure  is  practically  the 
same  as  that  given  by  the  Railway  Test  Commission  for  very 
different  weight  of  rail  and  type  of  bond. 

The  above  figures  are  at  considerable  variance.  This  is 
probably  due  in  some  measure  to  the  difference  in  conditions  of 
the  several  tests  on  which  the  figures  are  based.  It  is  possible 
that  the  conditions  in  practice  as  dependent  on  the  proportion 
of  trolley  current  returned  by  the  rails,  may  vary  with  the 
locality  to  a  degree  sufficient  to  account  for  the  differences  in 
the  values  of  the  voltage  drop  in  trolley  and  track.  It  may 
not  be  without  interest  therefore  to  investigate  by  calculation 
the  values  to  be  expected. 
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The  inductive  component  of  the  voltage  drop  is  due  to  the 
aerial  reactance  and  the  reactance  in  the  rail  itself.  The  watt 
component  is  due  to  the  resistance  of  trolley  and  track  and  to 
iron  losses  in  the  rails.  The  calculation  is  simple  if  all  the 
return  current  be  assimied  to  be  in  the  rails  and  the  values  for 
rail  iron  loss  be  taken  from  published  tests.  The  reactive  volts 
at  25  cycles  per  mile  of  line  of  two  wires  of  radius  r  and  distance 
apart  d,  carrying  current  i  in  amperes  are  given  by  the  expression 

0. 101  i  log  — .   One  half  of  this  value  is  due  to  each  wire.     We 

may  take  this  expression  as  .a  basis  for  calculating  the  aerial 
reactance  electromotive  forces.  Owing  to  the  wide  difference 
in  nature  of  the  overhead  and  return  conductors  we  may  con- 
sider them  independently  both^s  regards  energy  and  reactance 
electromotive  forces. 

The  most  common  type  of  trolley  suspension  for  roads  of  the 
class  here  discussed  is  the  single  catenary.  It  is  necessary  to 
consider  the  influence  of  the  suspension  cable.  Within  the 
limits  of  accuracy  of  this  calculation  it  will  be  sufficient  to  con- 
sider this  cable  as  parallel  to  and  at  its  average  distance  from 
the  trolley  wire.  Let  R^  be  the  resistance  per  mile  of  the  sus- 
pension cable,  rj  its  radius,  dj  its  distance  above  the  rails,  and  ij 
the  current  flowing  in  it.  The  same  letters  with  subscript  2 
refer  to  the  trolley  wire.  If  i  is  the  total  overhead  current, 
we  have  two  equations  for  determining  i^  and  i,.  We  may 
conveniently  use  Steinmetz's  symbolic  method  of  notation 

».i?,-,-.05     (,,log^+«,!og^-t,log^') 
=  f, /?.-/. 05[  .•,log^+t,(log^-log^^)] 


(1) 


i^+U-i  (2) 

The  former  equation  expresses  the  equality  in  messenger 
cable  and  trolley  of  the  total  drop  between  station  and  car. 
Equation  (2)  expresses  the  total  current  as  the  vector  sum  of 
the  currents  in  the  two  conductors.     Solving  we  have: 


1 


(«,^.og^) 


•  <«,  +  «.,^  ('Of  itil^ 
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This  expression  does  not  contain  either  d,  or  d,  explicitly, 
only  the  difference  of  these  quantities  appearing.  Thus  the 
division  of  current  between  trolley  and  messenger  is  independent 
of  the  height  above  the  track.  The  effect  of  the  field  of  the 
track  current  on  this  division  is  negligible  for  the  values  of  d. 
and  d,  met  in  practice.  For  3/0  trolley  wire,  and  ^  in.  steel 
suspension  cable  we  have  /?,  «=  3.7,  r,  ^^  0.218  in.  d,  «  22.875 
ft.,  /?,  -  0.326,  r,  =  0.206  in.,  d,  =  22  ft. 
For  i  «  100  we  have 

*,  -  91.5+/ 4.04;  i,  =>  91.6 

J,  -    8.5-/ 4.04;  t,  -    9.4 

Substituting  these  values  in  either  side  of  equation  (1)  we 
find  the  drop  per  100  amperes  per  mile  in  trolley  and  messenger 
cable  is 

E  =  30.58-y  32.76;  E  «  44.76. 

This  value  will  vary  with  the  height  of  the  trolley.  The 
variation  is  small,  however,  if  d,  is  above  20  ft,  and  formula  (1) 
readily  permits  its  calculation. 

If  the  suspension  cable  is  neglected  as  a  conductor  the  value 
of  the  above  drop  is 

E  =  32.6-7*  36;  £  =  48.5 

In  considering  the  track  return  we  face  the  uncertain  dis- 
tribution and  value  of  its  magnetic  field,  consequent  aerial 
reactance,  and  the  proportion  of  total  current  carried  by  the 
track.  Assuming  100  amperes  in  each  80  lb.  rail  and  assuming 
that  the  magnetic  field  outside  the  rail  is  the  same  as  though  all 
the  current  were  concentrated  at  the  center  of  the  web,  and 
applying  the  above  expression  for  aerial  reactance,  we  have 
as  the  reactance  volts  due  to  the  field  set  up  between  track  and 
trolley  by  the  track  current  about  32  volts.  This  value  takes 
due  account  of  the  mutual  induction  between  the  two  track 
rails.  The  reactance  volts  within  the  two  rails,  as  deduced 
from  the  results  of  the  Railway  Test  Commission's  tests  on  80 
lb.  rails  are  21.  The  total  reactance  volts  in  the  track  are  thus 
53,  for  trolley  22  ft.  above  track  and  total  current  200  amperes. 
The  ohmic  drop  in  the  rails  and  bonds  is  6.45  volts;  the  corn- 
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ponent  of  rail  drop  due  to  iron  loss  is  22.4  volts  (Cf.  Report 
Rwy.  Test.  Comm.).  The  total  watt  component  of  drop  at 
200  amperes  in  the  track  is  thus  28.85  volts.  The  electro- 
motive force  per  mile  per  100  amperes  in  the  track  is,  therefore 
expressed  by  Et  =  14.42—/  26.5.  Adding  this  to  the  complex 
expression  for  the  drop  in  the  overhead  conductors  we  have  as 
the  total  drop  E^  =  45-;  59.26,  or  E^  =  74.5  volts  per  100 
amperes  per  mile.  If  all  the  current  were  carried  by  the  trolley 
wire  the  value  would  be  £,,  =  47—/  62.5,  or  E^  =  78.  These 
figures  also  assume  all  of  the  return  current  to  be  in  the  track. 
This  latter  figure  is  remarkably  close  to  that  given  by  Parshall 
and  Hobart,  although  the  several  components  differ  widely. 
Their  value  for  the  track  is  7.7-/  27  and  for  the  trolley  S4r-j  37. 
They  have  apparently  not  considered  the  secondary  losses  in 
the  rails,  nor  the  effect  of  suspension  cable  in  reducing  trolley 
reactance  and  resistance. 

The  nimierous  tables  given  by  Parshall  and  Hobart  showing 
the  properties  of  rails  and  track  as  conductors  for  alternating 
current,  indicate  a  very  unfavorable  comparison  with  the  same 
properties  when  conductors  of  direct  current.  The  basis  of  the 
tables  is  not  definitely  stated,  however,  and  the  values  are  not 
always  in  accord  with  published  tests  from  other  sources.  To 
mention  only  one  case,  the  drop  per  mile  in  100  lb.  rail  carrying 
100  amperes  is  given  as  59  volts.  The  results  of  the  Railway 
Test  Commission  give  41.5  volts  for  80  lb.  rail. 

It  is  evident  that  in  the  particular  case  which  we  have  con- 
sidered the  value  arrived  at  is  too  high,  for,  as  is  well  known, 
all  of  the  return  current  does  not  flow  in  the  rails.  The  results 
of  an  tmpublished  test  of  which  the  author  has  knowledge  in- 
dicated the  track  current  to  be  in  places  as  low  as  40%  of  that 
in  the  trolley,  the  average  proportion  being  50%  or  60%.  The 
conditions  affecting  this  proportion  vary  so  widely  as  to  make 
it  difficult  to  estimate  the  effect  of  this  current  dispersion  on 
the  reactance  of  the  circuit.  Let  us  asstune,  however,  that  p 
is  the  fraction  of  the  trolley  current  in  the  rails,  and  that  the 
iron  losses  and  reactance  within  the  body  of  the  rail  vary  di- 
rectly as  the  current  at  the  low  densities  here  used.  (Cf .  Report 
Railway  Test  Commission).  Then  the  only  indeterminate 
quantities  entering  into  the  value  of  the  total  drop  in  trolley 
and  track  are  the  reactance  volts  due  to  the  trolley  current  as 
affected  by  the  position  of  the  mean  path  of  the  stray  current 
in  earth,  the  reactance  volts  due  to  the  track  current,  and  those 
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due  to  the  stray  ctirrent.  If  for  the  purpose  of  investigation 
we  make  the  not  too  violent  assximption  that  the  earth  current 
distributes  itself  so  as  to  be  of  circular  cross-section  tangent 
to  the  surface  at  the  track,  the  first  of  these  quantities  in- 
creases and  the  last  decreases  with  increasing  radius  of  the 
circular  section.  The  values  of  increased  trolley  reactance 
may  be  readily  calculated  from  the  right  hand  side  of  formula 
(1)  by  adding  to  d,  and  d,  the  value  of  the  radius,  R,  of  the 
assiuned  circular  section  of  the  stray  current.  The  reactance 
volts  due  to  the  stray  current  are  given  by  the  expression: 


0.101  f(l~/>) 


log 


{22-hR) 
R 


in  which  i  is  the  total  current  and  p  the  proportion  of*  carried 
by  the  rails.  The  other  components  of  the  total  drop  are  either 
unchanged  or  directly  proportional  to  p.  The  following  table 
of  values  of  total  drop  indicates  how  far  the  drop  is  affected  by 
variations  in  the  value  of  R  and  p. 

Values  of  p. 


Values  of  R 

1 

0.8 

0.6 

0.5 

0.4 

1 

74.6 

71.1 

67.8 

66. 

64.4 

2 

74.6 

70.9 

67. 

64.0 

62.0 

5 

74.6 

70.6 

66.1 

63.7 

61.4 

10 

74.6 

71. 

65.9 

63.3 

60.8 

50 

74.5 

72.9 

67.8 

64.9 

62.5 

100 

74.5 

76. 

60.7 

66.7 

63.8 

The  effect  of  diminishing  values  of  p,  as  was  to  be  expected, 
is  to  decrease  the  total  reactance.  Increasing  values  of  R  first 
decrease,  then  increase  the  reactance.  The  stray  current,  if 
concentrated  in  a  small  section,  has  a  magnetic  field  of  appreciable 
value;  consequently  when  the  radius  of  section  is  small,  increas- 
ing the  radius  causes  rapid  decrease  in  the  field.  For  large 
values  of  jR,  however,  the  increased  distance  between  trolley  and 
resultant  center  of  return  conductor  causes  an  increase  in  the 
total  flux  more  than  sufficient  to  compensate  the  above  de- 
crease. For  all  the  values  of  p  given  the  reactance  volts  are 
at  a  minimum  in  the  neighborhood  ofR=  10.  So  far  as  the 
writer  is  aware  there  is  no  evidence  as  to  the  distribution  of  the 
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stra]^^  earth  currents.  This  distribution  is  in  all  probability 
never  the  same  in  any  two  cases.  The  amount  of  the  stray 
current  is  obviously  also  a  variable,  not  only  with  the  par- 
ticular case,  but  also  with  the  proximity  to  feeding  points. 
What  is  of  interest,  however,  is  that  the  reactance  values  vary 
very  little  within  wide  changes  of  both  R  and  p,  as  is  evident 
from  the  above  table.  Assiuning  the  stray  current  to  have  a 
section  of  any  radius  between  10  and  50  ft.,  and  p  to  be  .6,  the 
reactance  volts  per  100  amperes  per  mile  are  practically  constant 
at  64  with  a  power  factor  .60.  An  increase  from  .5  to  .8  as  the 
proportion  of  trolley  current  in  the  rails  changes  this  value 
scarcely  10%,  while  for  smaller  values  of  R  the  change  is  still 
less.  With  the  asstmiptions  stated  the  voltage  drop  per  100 
amperes  per  mile  at  25  cycles  in  3/0  catenary  trolley  22  ft.  above 
track  of  80  lb.  rails  is  between  65  and  70  volts. 

Train  Resistance 
There  is  wide  diversity  of  statement  and  figures  on  the  mag- 
nitude of  train  resistance.  Two  recent  conspicuous  comments 
on  this  subject  also  are  found  in  the  Report  of  the  Railway  Test 
Commission  and  in  Parshall  and  Hobart's  "  Electric  Railway 
Engineering  **.  In  the  following  table  the  figures  of  these 
authorities  are  compared  with  those  of  Blood  as  given  before 
the  American  Society  of  Mechanical  Engineers,  Jime  1903,  and 
those  of  Armstrong  (Trans.  A.I.E.E.,  Jime  1903).  The  values 
given  are  for  single  cars. 


Train  Resistance—Pounds  per  Ton. 

Speed  mile*  per  hour 

Elect.  Rwy.  Test  Comm. . 
Berlin-Zoseen 

0 

15 

5 

4 

5 
4.6 

20 
12 
3.3 

9.7 
9 

7.8 

30 
15 
7.7 
9.4 
13.5 
12.3 
11.5 

40 

20 

17 

12.7 

18 

16.1 

17 

50 

26.8 

15.4 

17 

21.9 

20.5 

23 

60 

35 

18.3 

22 

29 

25.2 

29 

Single  can 
38- ton  car 
fiO-ton  and  77-ton   car 

Aspinall.  -  t 

90-ton  and  77-tofi  car 

Blood 

38-ton  car 

Blood 

50-ton  car 

Armstrong 

45-ton  car 

Parshall  and  Hobart  conclude  that  Aspinall's  formula  gives 
reliable  values  for  single  car  operation  owing  to  their  agree- 
ment with  the  results  of  the  Berlin-Zossen  tests.  Aspinall' s 
values  for  lighter  cars  do  not  change  materially;  for  a  22'ton  car 
at  50  miles  per  hour  the  figure  is  16  lb.  per  ton.  The  figures 
are  markedly  less  than  those  of  the  Railway  Test.  Commission. 
The  heavy  cars  and  excellent  track  conditions  of  the  Berlin- 
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Zossen  tests  undoubtedly  account  for  the  low  values,  and  values 
for  lighter  cars  and  average  track  may  not  be  deduced  from 
them. 

The  values  given  by  the  Railway  Test  Commission  are  dis- 
tinctly higher  than  those  in  general  favor,  and  should,  therefore, 
receive  attention.  Without  further  corroboration,  however, 
they  must  be  accepted  with  some  reserve  owing  to  the  variations 
in  the  figures  in  the  several  tests  and  to  the  unseasoned  nature 
of  the  track. 

It  is  evident  that  shortly  after  starting,  the  value  of  train 
resistance  reaches  a  minimtun  somewhere  about  5  lb.  per  ton. 
With  91.1  lb.  per  ton  for  a  uniform  frictionless  rectilinear 
acceleration  of  one  mile  per  hour  per  second,  the  necessary  trac- 
tive effort  after  the  actual  moment  of  starting  is  about  96  lbs. 
per  ton.  The  familiar  and  convenient  figure  of  100  lb.  per  ton 
thus  allows  about  4  lb.  per  ton  for  rotational  acceleration,  head 
wind  and  defective  track  conditions.  It  is  evident  also  that 
during  the  acceleration  period  train  resistance  consumes  only  a 
small  part  of  the  total  tractive  effort  and  that  errors  in  the 
values  chosen  assume  no  great  importance  for  short  runs.  In 
this  paper  Blood's  formula  has  been  used  for  speeds  of  20  miles 
per  hour  and  upward  and  100  lb.  per  ton  has  been  assumed 
necessary  for  an  acceleration  of  one  mile  per  hour  per  second. 

The  Systems  Compared 

The  basis  upon  which  the  choice  of  system  was  made  has  been 
already  indicated.  The  proper  capacity  of  available  motor  for 
the  service  was  first  determined  for  each  type  of  equipment. 
To  this  end  typical  speed- time,  current- time,  and  power-time 
curves  for  the  average  local  run  were  plotted  for  4-motor  equip- 
ments with  available  motors  of  75,  100  and  125  h.p.  capacity 
as  based  on  their  one  hour  temperature  ratings.  The  gearing 
in  each  case  was  made  as  low  as  consistent  with  the  desired 
express  schedule,  since  the  conditions  offered  no  special  ad- 
vantage in  adpoting  different  gear  ratios  for  express  and  local 
service.  The  methods  of  plotting  these  curves  are  familiar  and 
require  no  comment  for  the  direct  current  equipment.  The 
treatment  for  the  alternating  current  equipment  during  the 
period  of  acceleration  is  necessarily  somewhat  different  •  and 
an  outline  of  the  method  followed  is  given  below.  The  typical 
curves  for  100  h.p.  alternating  current  and  90  h.p.  direct  current 
equipments   were   plotted,   these   motors   showing   themselves 
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suitable  on  the  basis  of  motor  heating  already  mentioned. 
Speed-time,  current- time,  and  power- time  curves  for  each  type 
of  equipment  were  then  plotted  for  every  local  run  in  each 
direction,  due  account  being  taken  of  curvature,  grades,  limited 
speed  on  bridges,  etc.  The  results  of  this  series  of  curves  are 
given  in  the  accompanying  tables,  together  with  their  extension 
to  the  distributing  system  and  power  station.  The  value  of 
this  rather  tedious  process  has  been  questioned.  In  the  present 
case  it  not  only  afforded  by  comparison  an  indication  as  to  the 
value  of  the  typical  curve  for  the  purpose  of  computing  an 
entire  project,  but  it  also  enabled  a  nm  sheet  to  be  constructed 
which  developed  passing  points  at  rather  different  places  than 
would  have  been  indicated  by  the  ustial  straight  lines  of  schedule 
speed.  The  latter  point  is  of  particular  value  in  a  single  track 
problem  as  determining  which  sidings  should  be  equipped  with 
trolley.  After  fixing  the  regular  schedule  sidings,  a  drop-back 
siding  was  provided  in  each  case  so  as  to  prevent  a  loss  of  time 
being  commimicated  to  opposite  traffic.  This  resulted  in  the 
fixing  of  eleven  sidings,  one  of  which  is  one  mile  long  and  another 
a  half  mile  long,  and  there  are  three  miles  of  double  track  at 
the  Baltimore  end.  The  total  length  of  track  thus  becomes 
about  33  miles. 

In  the  case  of  the  alternating  current  equipment  the  con- 
struction of  the  speed-time  and  motor  current-time  curves  is 
according  to  the  usual  methods,  for  the  portion  of  the  run  after 
the  period  of  uniform  acceleration,  i.e,,  after  the  full  voltage 
is  on  the  motors.  The  initial  portion  of  these  and  other  derived 
curves  does  not,  however,  peimit  the  simple  determination 
possible  with  direct  current  equipments.  As  the  literature  of 
the  subject  presents  little  or  no  treatment  at  this  point  the 
following  is  offered  as  a  simple  method,  which,  from  the  data 
available,  appears  to  approximate  the  actual  conditions  suffi- 
ciently closely  for  the  purposes  of  calculation. 

The  motor  current  may  be  assumed  as  constant  during  the 
period  of  uniform  acceleration  at  the  value  corresponding  to 
the  speed  at  which  the  acceleration  begins  to  fall  off.  This 
conclusion  is  based  on  a  study  of  the  curves  given  by  Bright 
{Elect.  Jour.  Vol.  II,  No.  II,  p.  651,  Nov.  1905)  which,  so  far  as 
the  writer  is  aware,  are  the  only  curves  taken  from  tests  hereto- 
fore published.  The  motor  current  curves  indicate  a  current 
rising  slightly  by  steps  during  the  period  of  constant  acceleration 
to  a  maximiun  and  beginning  to  decrease  before  the  period  of 
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constant  acceleration  ends.  An  inspection  of  these  curves 
shows  that  the  average  value  of  the  motor  current  during  con- 
stant acceleration  is  slightly  less  than  the  value  corresponding 
to  the  termination  of  the  initial  straight  portion  of  the  speed- 
time  curve.  Thus,  by  area  integration  the  average  current  per 
motor  from  start  to  stop  in  one  of  the  runs  measured  by  Bright 
is  found  to  be  332.2  amperes.  The  value  of  this  average,  if  the  cur- 
rent during  imiform  acceleration  is  assumed  constant  at  its  value 
at  the  end  of  that  period,  is  335.6.  The  two  corresponding  values 
of  the  root  mean  square  motor  current  from  start  to  start  are 
412  and  416. 

The  initial  portion  of  the  line  current  curve  will  have  a  rising 
series  of  sharp  changes  corresponding  to  the  voltage  values  of 
the  several  controller  notches.  The  exact  shape  of  this  portion 
of  the  curve  has  no  particular  importance.  The  two  aspects 
in  which  the  line  current  must  be  considered  are  its  maximiun 
value  as  affecting  line  regulation,  and  the  average  value  as  de- 
termining the  average  apparent  watts  and  the  power  factor. 
The  maximum  value  is  deduced  from  the  maximum  motor 
current  and  the  ratio  of  line  and  auto- transformer  voltages; 
it  occurs  then  at  the  instant  when  full  voltage  is  applied  to  the 
motors.  The  average  value  is  fotmd  by  the  usual  integration 
over  its  area,  the  average  being  taken  for  the  period  from  start 
to  cut-off.  The  shape  of  the  initial  portion  should  thus  be  con- 
sidered in  its  effect  on  the  area  included  by  the  whole  curve.  If, 
as  already  stated,  the  motor  current  is  constant  during  this 
period,  the  starting  value  of  the  line  current  may  be  assumed  as 
one-half  its  maximum  value,  since  the  motor  voltage  on  the 
first  notch  is  about  one-half  that  on  the  last,  a  resistance  auto- 
matically cut  out  limiting  the  first  rush  of  current.  The  line 
current  would  then  decrease  slightly  with  increasing  speed, 
increasing  sharply  at  each  controller  notch.  It  may  be  safely 
assumed  in  calculation  that  a  straight  line  between  the  above 
starting  value  and  the  maximum  value  gives  the  same  area  as 
the  irregular  curve  just  described.  This  suggestion  is  based 
on  an  inspection  of  the  curves  given  by  Bright  and  is  sufficiently 
accurate,  as  the  shape  of  this  part  of  the  curve  affects  the  area 
only  slightly  in  comparison  with  the  remainder.  The  curve  of 
motor  kilo  volt  amperes  is  now  determined.  The  line  kw.  at  any 
instant  is  the  sum  of  the  useful  mechanical  output  and  the  various 
losses.  The  mechanical  output  is  the  product  of  total  tractive 
effort  and  speed,  and  when  full  voltage  is  on  the  motors  is  given 
directly  by  the  motor  curve  of  brake  horse  power  with  gears. 
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The  losses  to  be  considered  are  those  in  the  gears  and  those  due 
to  copper  and  iron  in  motors,  auto-transformer  and  car  wiring, 
the  losses  in  gears  and  motors  are  given  by  the  curve  of  effi- 
ciency with  gears.  Those  in  the  auto-transformer  can  only  be 
determined  from  a  knowledge  of  its  characteristics.  In  the 
present  case  regulation  and  loss  curves  for  the  auto-transformer 
were  furnished  by  the  manufacturers.  The  values  of  the  losses 
in  the  car  wiring  are  here  assumed  as  1%  of  the  total  output. 
Following  this  method  the  portion  of  the  curve  for  line  kilowatts 
after  fuU  voltage  is  on  the  motors  is  readily  plotted.  The  rising 
portion  from  the  instant  of  starting,  as  in  the  case  of  the  curves 
for  motor  current  and  line  current,  cannot  be  accurately  pre- 
determined owing  to  obvious  indeterminate  factors.  Here,  too, 
for  the  purposes  of  calculation  it  is  sufficient  to  estimate  its 
approximate  form.  Obviously  the  motor  curve  may  not  be 
used  for  the  interval  during  which  the  motors  are  on  the  low 
voltage  notches.  The  motor  current,  however,  being  approxi- 
mately constant  there,  so  is  the  net  tractive  effort,  and  the  rise 
in  speed  being  assumed  to  be  uniform,  the  values  of  mechanical 
output  are  at  once  deduced  and  are  seen  to  increase  uniformly. 
At  the  instant  of  starting,  the  mechanical  output  is  zero  and  the 
power  drawn  from  the  line  is  entirely  dissipated  in  the  trans- 
former, wiring  and  motor.  The  voltage  of  the  first  transformer 
point  is  impressed  on  the  circuit  consisting  of  the  starting  re- 
sistance, the  motor  field  and  compensating  winding  and  the 
stationary  motor  armature.  The  armature  being  stationary, 
there  is  a  heavy  loss  in  the  short-circuit  consisting  of  armature 
coil  resistance  leads  and  brush;  this  loss  is  of  course  greatest  at 
standstill  and  decreases  with  increasing  speed.  The  starting 
resistance  also  introduces  a  loss.  In  addition  there  are  the  nor- 
mal copper  losses  in  the  remainder  of  the  motor  winding,  the 
motor  iron  loss,  and  the  losses  of  both  types  in  the  auto-trans- 
former. The  sum  of  these  losses  gives  the  initial  value  of  the 
rising  portion  of  the  line  power  curve.  It  is  manifestly  im- 
possible, and  fortimately  unnecessary,  to  determine  this  value 
accui*ately.  We  may  note,  however,  that  the  value  of  the 
acceleration  gives  a  value  of  the  motor  current,  which  as  al- 
ready stated,  may  with  fair  accuracy  be  taken  as  constant 
during  this  period.  This  current  given,  the  motor  and  trans- 
former curves  give  the  normal  losses  when  the  motor  is  at  speed, 
and  thus  a  minimum  value  below  which  the  initial  line  power 
cannot  be.     The  increase  due  to  starting  resistance  and  arma- 
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ture  coil  short-circuit  can  only  be  known  by  a  greater  knowledge 
of  the  motor  than  is  generally  available.  The  line  power  curves 
in  this  investigation  have  their  initial  value  as  twice  the  minimum 
referred  to.  From  this  point  a  straight  line  has  been  drawn 
to  the  maximum  value  of  power  at  the  instant  where  the  accelera- 
tion begins  to  fall  off.  Here,  as  before,  a  study  of  the  curves  of 
Bright  is  found  to  be  corroborative.  It  may  be  emphasized 
again  that  the  area  comprised  by  this  rising  portion  of  the 
curve  is  for  the  usual  type  of  run  a  sufficiently  small  part  of  the 
total  to  render  error  in  the  above  assumptions  of  small  effect* 
The  curve  of  line  kw.  is  thus  derived,  and  with  that  of  kilovolt- 
amperes  determines  the  line  power  factor. 

The  results  of  the  complete  series  of  speed-time  and  other 
curves  as  given  in  the  tables  apply  to  a  37-ton  car  for  the  direct 
current  and  a  42-ton  car  for  the  alternating  current  equip- 
ments. There  are  also  added  in  each  case  the  figures  taken  from 
typical  curves  for  the  same  cars.  These  typical  curves  were 
plotted  for  the  same  schedule  speed  derived  from  the  complete 
set  of  curves.  The  results  indicate  that  at  the  direct  current 
car  the  average  power  consumption  per  car  mile  for  the  complete 
run  is  about  3.2%  greater  than  shown  in  the  typical  curves. 
For  the  alternating  current  car  the  values  of  increase  of  com- 
plete run  over  typical  run  are  3.5%  forkw-hr.  per  car  mile. 
The  typical  run  sheet  therefore  agrees  very  closely  with  the 
averages  as  deduced  from  the  complete  set.  This  is  an  inter- 
esting result,  as  the  road  is  neither  exceptionally  straight  nor 
bvel.  The  grades  are  generally  up  and  down,  and  the  two 
terminal  cities  are  at  virtually  the  same  elevation.  In  the  run 
which  includes  the  Severn  River  bridge  allowance  was  made  for 
a  reduction  of  speed  to  10  miles  per  hour  at  the  draw. 

A  continuous  speed  curve  for  the  single-phase  equipment 
was  constructed  for  the  express  run  between  the  terminals, 
with  frequent  coasts  on  grades,  and  a  reduction  of  speed  on  the 
Severn  bridge  to  10  miles  per  hour.  The  average  schedule 
speed  was  indicated  as  42  miles  per  hour,  the  power  consump- 
tion as  2.64  kw-hr.  per  car  mile,  and  the  average  power-factor 
as  0.96. 

In  the  case  of  neither  of  the  cars  above  mentioned  were  the 
motors  loaded  to  their  continuous  capacity.  A  later  desire  on 
the  part  of  the  management  to  .increase  the  size  of  cars  could, 
therefore,  be  met  with  the  same  motors,  as  is  indicated  by  the 
figures  in  the  tables  for  a  45-ton  direct  current  car  and  a  50-ton 
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alternating  current  car.  These  figures  are  taken  from  the  t5rpical 
curves  shown  in  Figs.  1  and  2.  In  view  of  the  reUability  of  the 
typical  curve  as  above  indicated,  the  comparison  of  the  two 
systems  is  based  on  these  curves,  due  regard  being  had  to  the 
small  percentage  increases  already  mentioned.  The  compara- 
tive figures  are  given  in  the  following  table. 


Type  of  car 

Schedule 
speed 

Kilowatt- 
hours  car- 
mile  at  car 

Kilowatt- 
hours  car- 
mile  at 
sub-station 

37-ton  direct  current  from  complete 
nins 

30.3 
30.3 
30.3 
30.3 
28.6 
29.4 

2.85 
2.76 
3.27 
3.16 
3.32 
3.2 

3.58 

37-ton  direct  current  from  typical 
curves 

42-ton  alternating  current  from  com- 
plete nms 

42-ton  alternating  current  from  typi- 
cal curves 

3.31 

45-ton  direct  cturent  from  typical 
cuiT'es 

50-ton  alternating  current  from  typi- 
cal curves 

A  further  fact  to  be  noted  from  a  comparison  of  the  two 
typical  curves  is  that  the  alternating  current  car  requires  less 
power  constunption  for  the  run  in  spite  of  its  greater  weight. 
The  two  values  of  kw-hr.  per  car-mile  are  3.2  and  3.32.  This  is 
due  to  the  series  resistance  losses  in  the  direct  ctirrent  car; 
owing  to  the  short  length  of  the  nm  the  motors  are  on  resistance 
more  than  one-third  the  time  during  which  power  is  applied. 
The  maximum  power  reached  for  the  single-phase  car  is  greater, 
and  so  also  is  the  power  throughout  the  period  when  the  motors 
are  on  full  voltage.  The  former  is,  however,  applied  for  a  com- 
paratively short  time,  and  the  direct  current  power  is  applied 
longer  owing  to  the  lesser  value  of  maximum  attainable  speed. 
This  difference  does  not  obtain  in  the  runs  for  the  lighter  cars. 
The  direct  current  equipment  on  a  37-ton  car  accelerates  with 
less  demand  and  cuts  off  earlier  than  the  alternating  current 
equipment  on  the  42-ton  car.  Increasing  the  sizes  of  car  to  45 
tons  and  50  tons  imposes  less  additional  demand  on  the  single- 
phase  motor  than  on  the  direct  current  motor  of  lower  rating. 
The  latter  motor  on  the  45-ton  car  is  worked  well  up  to  its 
figure  for  continuous  rating,  and  it  is  questionable  whether    or 
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not  it  is  sufficient  for  the  service.  If  the  conclusions  of  the  in- 
vestigation pointed  less  strongly  to  the  single-phase  system,  it 
would  be  necessary  to  consider  a  larger  direct  current  motor 
before  reaching  a  conclusion. 

Increasing  the  figures  for  power  by  the  percentages  given 
above  we  have  for  values  of  kilowatt-hour  per  car-mile  at  the 
car,  for  the  45-ton  direct  current  car  3.43  and  for  the  50-ton 
alternating  current  car  3.32. 

The  weights  of  the  two  cars  are  distributed  as  follows: 

Alternating  Direct 

current.  current 

Car  body 32,000  lb                    32,000  lb. 

Trucks 21,000                          21,000 

Motors  and  control 32.000                          22,600 

Air  brakes 3,000                            3,000 

Live  load 9,000                            9,000 


97.000  87,500 


Station  Equipment  and  Power  Consumption 
Single-phase  system.  In  the  alternating  current  system  the 
starting  current  per  car,  assuming  that  the  rate  of  acceleration 
is  constant,  varies  with  the  track  conditions.  On  level  track 
the  line  current  per  car  at  6600  volts  is  57  amperes  at  0.75  miles 
per  hr.  per  sec.  and  70  amperes  at  1  mile  per  hr.  per  sec.  at  a 
power  factor  of  0.80  or  better.  Assiuning  the  use  of  the  avail- 
able 3/0  catenary  construction,  and  the  voltage  drop  per  100 
amperes  per  mile  as  70  with  a  power  factor  0.60  and  a  maximum 
permissible  drop  of  10%,  it  is  evident  that  a  two-car  train  may 
accelerate  at  1  mile  per  hr.  per  sec.  when  fed  by  a  single  trolley 
at  a  distance  of  about  6.75  miles.  The  schedule  is  based  on  an 
acceleration  of  0.75  miles  per  hr.  per  sec.  and  the  equipments 
chosen  will  operate  satisfactorily  at  considerably  greater  values 
of  drop.  The  bunching  of  cars  in  such  a  section  should  therefore 
ojffer  no  difficulty  on  this  score.  A  substation  was  located  at 
a  convenient  station  6.25  miles  from  Annapolis  and  17.4  miles 
from  Westport.  Using  the  figures  already  given,  two  cars 
starting  at  Annapohs  at  0.75  miles  per  hr.  per  sec.  will  cause  a 
maximiun  drop  of  7.6%  when  fed  from  this  substation.  The 
line  impedance  at  power  factor  0.60  increases  the  reactive  com- 
ponent of  the  car  demand  but  sHghtly.  If  the  car  power  factor 
be  taken  as  low  as  0.80,  the  load  at  the  substation  has  a  power 
factor  0.78. 
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Considering  the  resort  Bay  Ridge,  4  miles  from  Annapolis, 
the  substation  might  with  better  advantage  be  located 
nearer  Annapolis.  This  would,  however,  increase  the  starting 
drop  in  the  region  between  power  house  and  substation. 
As  single  cars  may  be  readily  started  at  Bay  Ridge  when  fed 
over  the  above  distance,  and  as  the  equipment  of  this  branch 
is  as  yet  undetermined,  this  question  is  of  little  importance. 
Future  extension  to  Bay  Ridge  may  be  accomplished  by  an  ex- 
tension of  the  transmission  line  and  the  installation  of  a  tem- 
porary or  portable  transformer  substation.  The  above  loca- 
tion of  the  substation  as  one  trolley  feeding  point  and  the  power- 
house as  another  meets  the  requirements  of  regulation  satis- 
factorily. 

The  power  house  at  Westport,  1.6  miles  from  Baltimore, 
as  the  feeding  point  for  the  north  half  of  the  line,  although 
not  located  to  the  best  advantage  from  the  standpoint  of 
symmetrical  feeding,  saves  the  building  of  a  second  substation. 
An  effort  was  made  with  the  power  company  to  permit  the  load 
to  go  directly  on  the  station  bus  through  two-phase  three-phase 
transformer  connection.  This  would  result  in  an  average 
imiform  distribution  of  load  on  the  three-phases,  but  also  in 
possible  short  applications  of  large  fractions  of  the  total  load 
on  one  phase.  The  form  of  contract  permits  this,  but  the  power 
company's  distaste  for  unbalancing  is  shown  by  a  further  stipu- 
lation that  the  maximum  demand  shall  be  reckoned  as  three 
times  that  on  the  most  heavily  loaded  phase.  As  the  total 
installed  capacity  in  the  powerhouse  is  13,000  kw.  and  as  the 
maximtun  starting  demand  of  the  normal  daily  schedule  may 
reach  1800  kilovolt-amperes,  this  attitude  is  not  to  be  wondered 
at.  It  is  increasingly  evident  that  there  are  few  cases  where  a 
single-phase  railway,  with  the  usual  erratic  combinations  of 
starting  peakj,  may  be  supplied  from  a  system  furnishing  at 
the  same  time  light  and  power  for  other  purposes.  None  of 
the  polyphase-single-phase  transformations  recently  reviewed 
by  Armstrong  (Proc.  A.I.E.E.)  will  prevent  occasional  excess 
demands  on  one  phase.  Also  some  of  these  methods  have  the 
additional  disadvantage  of  largely  increased  reactance  drops 
with  unbalanced  loads.  The  problem  narrows  down  to  isolated 
generators  for  the  railway  load,  or  motor-generators  for  distribu- 
ting the  load  uniformly,  whatever  its  value.  The  former  alter- 
native was  out  of  the  question  in  the  present  instance,  the  units 
in  the  powerhouse  being  2000  kw.  each.     It  is,  therefore,  evident 
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that  the  adoption  of  the  single-phase  system  for  this  road  meant 
the  building  of  its  own  power  plant  or  the  installation  of  motor 
generators. 

Aside  from  the  question  of  efficiency,  the  motor  generator  is 
not  attractive  when  power  is  purchased,  since  power  contracts 
always  have  their  limit  of  life.  In  Baltimore,  however,  as 
already  mentioned,  there  are  two  large  plants  of  similar  voltage 
and  frequency  characteristics,  and  the  Susquehanna  develop- 
ment will  also  deliver  power  there  in  the  same  form  in  the  near 
future.  The  likelihood  of  having  the  motor-generators  left 
without  a  proper  source  of  power  is  therefore  remote. 

The  power  and  distributing  system  for  single-phase  equip- 
ment then  resolves  itself  as  follows:  sjmchronous  13,000- volt 
25-cycle  3-phase  motors  direct-coupled  to  6C00-volt  25-cycle 
single-phase  generators.  The  trolley  is  fed  directly  from  the 
generators,  as  are  also  step-up  transformers  for  the  17.5  mile 
transmission  to  the  substation. 

The  starting  demand  of  a  car  varies  between  375  and  475 
kilovolt-amperes  depending  on  the  grade.  Normal  half  hourly 
traffic  requires  four  cars  on  the  line  at  one  time,  with  the  possible 
bunching  of  three  cars  on  one  substation,  or  about  100%  over- 
load for  two  300  kw.  transformers.  Three  such  imits  in 
the  substation,  and  space  and  wiring  for  a  fourth,  will 
provide  reserve  capacity  and  provision  for  future  expansion. 
The  same  transformer  capacity  is  installed  at  the  powerhouse. 
Excursion  traffic  should  be  handled  by  two  car  trains  at 
lessened  headway.  Such  trains  would  accelerate  at  a  low  rate. 
The  running  of  nine  trains  on  a  15-minute  headway  means 
a  minimum  of  six  on  the  line  at  once  to  preserve  opposite 
traffic.  The  sustained  demand  if  these  trains  are  single  cars 
will  not  exceed  IGOO  kilovolt-amperes.  Two  two-car  trains 
and  a  single  car  starting  at  the  same  instant  would  impose  150% 
overload  on  three  300  kw.  transformers.  The  motor  generators 
obviously  take  the  whole  load.  The  sustained  excursion  de- 
mand above  mentioned  would  be  about  25%  overload  for  1200 
kw.  in  motor  generators.  Three  COO  kw.  tmits  will  provide 
ample  reserve  and  provision  for  considerable  future  growth. 

For  the  comparatively  short  transmission  distance  there  is 
no  decided  advantage  in  increasing  the  voltage  above  22,000. 
If  33,000  volts  is  chosen,  the  size  of  wire  is  reduced  to  a  point 
inadvisable  from  considerations  of  tensile  strength  and  the 
difficulties   and   cost   of  insulation   are   also   increased.    Two 
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transmission  lines  each  of  two  No.  2  B.  &  S.  wires  30  in.  apart, 
and  both  lines  carried  on  the  same  cross-arm,  provide  inter- 
changeability  and  reseiVe  capacity.  With  a  load  of  800  kilo- 
volt-amperes  at  power  factor  0.85  on  two  substation  trans- 
formers, the  drop  between  the  power  house  6600- volt  bus  and  the 
substation  trolley  connection  will  be  about  15%;  the  power 
factor  at  the  station  will  be  about  0.82.  From  the  tabulated 
results  of  the  complete  local  runs,  the  average  efficiency  of 
trolley  and  track  is  better  than  98%,  as  shown  by  the  values  of 
kw-hr.  per  car  mile  at  the  car  and  at  the  substation.  The 
loss  was  calculated  by  assuming  that  the  average  line  current 
during  the  period  while  power  is  applied,  is  fed  to  a  point  one- 
third  through  the  particular  run  in  question.  If  the  value  of  root 
mean  square  line  current  for  the  typical  nm  is  assumed  to  be  de- 
livered at  the  average  distance  of  a  car  from  a  substation,  the 
trolley  and  track  loss  is  somewhat  over  1.5%.  In  calculating 
these  losses  the  energy  component  of  track  and  trolley  impedance 
as  already  given  has  been  used.  Asstmiing  the  average  efficiency 
of  the  transformers  at  96.5%  and  calculating  that  of  the  trans- 
mission line  at  98%,  we  have  half  the  total  power  supplied 
through  the  substation  at  about  89%  and  the  other  half  fed 
directly  to  the  trolley  from  the  generator  bus-bar  at  98%.  For 
the  normal  schedule  already  described  the  daily  power  consump- 
tion would  be  as  follows: 

22  locals  at  3.32  kw.  hr.  per  car  mi.  1840  kw-hr. 

20  expresses  at  2.85    «      «      «      «  1401     «    « 


3240 


One  half  of  this  at  98%  and  one  half  of  89%  gives  3475  kw.  hr.  at 
the  generator  bus-bar.  At  an  average  motor  generator  efficiency 
of  80%  we  have  4350  kw-hr.  daily  consumption  for  the  propoied 
normal  schedule  tmder  the  single-phase  system. 

DirecUcurrent  system.  The  normal  starting  current  of  the  car 
described  above  for  the  direct  current  system  at  an  acceleration 
0.75  miles  per  hr.  per  sec.  is  516  amperes;  for  a  two-car  train 
approximately  1000  amperes  will  be  taken  at  starting.  With 
two  cars  starting  and  one  running  the  demand  may  easily  go 
to  1200  amperes.  Assuming  a  maximimi  permissible  drop  of 
25%  and  600  volts  at  converters  and  supposing  that  the  single 
80  lb.  track  is  bonded  to  full  capacity  (0.028  ohms  per  mile), 
something  more  than  2,000,000  cm.  of  copper  would  be  necessary 
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to  supply  1000  amperes  to  a  two-car  train  starting  from  An- 
napolis from  a  substation  3  miles  away.  Aside  from  the  con- 
sideration of  the  cost  of  copper,  however,  the  question  of  col- 
lecting the  large  current  values,  and  the  high  speed  to  be  reached, 
points  at  once  to  the  third  rail  as  the  proper  method  of  feeding. 
Assuming  80  lb.  third  rail  bonded  to  10%  of  equivalent  copper 
as  having  a  resistance  of  0.044  ohms  per  mile,  we  have  as  the 
resistance  of  the  third  rail  and  single  track  0.076  ohms  per  mile. 
With  600  volts  on  the  third  rail  and  a  30%  drop,  this  will  per- 
mit a  distance  of  somewhere  between  two  and  three  miles  as  the 
length  of  the  end  of  the  feeding  system  beyond  the  last  sub- 
station. Asstmiing  that  two  cars  in  starting  take  1000  amperes, 
and  that  they  will  make  the  only  demand  on  the  end  beyond  the 
substation,  it  would  be  possible  in  the  present  instance  to  locate 
a  substation  at  a  convenient  passing  point,  indicated  by  the 
proposed  schedule,  2.8  miles  from  Annapolis.  The  northernmost 
feeding  point  would  naturally  be  the  Westport  power  house. 
The  distance  between  these  two  stations  would  thus  be  20.85 
miles.  Considering  the  possibility  of  operating  with  only  one 
intermediate  substation,  it  is  to  be  noted  that  the  distance  be- 
tween substations  would  then  be  approximately  10.5  miles. 
With  three  cars  starting  midway  between  two  substations, 
which  would  be  a  common  occurrence,  the  drop  wotild  be  ap- 
proximately 300  volts.  This  figure  assimies  also  -^ery  low  values 
for  track  resistance.  On  the  above  basis  it  is  therefore  inad- 
visable to  attempt  to  operate  with  less  than  four  substations. 
These  would  be  located  as  follows:  one  at  Westport,  one  at 
Winchester  (2.8  miles  from  Annapolis)  and  two  others  between 
these.  The  greatest  distance  between  substations  would  thus 
be  7  miles.  With  three  cars  starting  midway  between  two 
substations  the  drop  would  be  about  200  volts.  It  is  worth 
noting  that  if  the  road  were  double  tracked  it  would  be  possible 
to  obtain  satisfactory  regulation  with  two  substations. 

In  the  matter  of  substation  capacity,  when  the  demand  on 
one  substation  is  that  of  two  cars  starting  and  one  running,  the 
demand  is  in  the  neighborhood  of  760  kw.  With  three  starting 
on  one  substation,  the  demand  is  920  kw.  At  100%  overload 
the  latter  figure  would  necessitate  460  kw.  capacity.  Thus 
one  300-kw.  converter  would  take  care  of  the  normal  single  car 
schedule,  and  two  300-kw.  units  in  a  substation  would  handle 
a  schedule  involving  two-car  trains  in  one  direction,  and  would, 
therefore,  constitute  a  certain  spare  capacity  when  considered 
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from  the  standpoint  of  the  normal  single-car  schedule.  This 
reserve  is,  however,  not  so  great  as  that  allowed  for  the  single- 
phase  system.  For  the  transmission  line,  if  a  resistance  drop  of 
5%  be  allowed,  the  average  normal  load  can  be  handled  by  a 
22,00Q-volt,  three-phase  Hne  of  three  No.  3  B.  &  S.  wires. 

From  an  inspection  of  the  results  of  the  complete  set  of  run 
sheets  it  will  be  noticed  that  the  efficiency  of  troUey  and  track 
has  an  average  value  of  about  80%.  This  was,  however,  based 
on  three  substations  and  a  smaller  value  of  conductivity  in  the 
distributing  system,  thus  obtaining  less  first  cost  at  the  expense 
of  regulation.  Taking  the  mean  distance  of  a  car  from  a  sub- 
station as  one  quarter  the  distance  between  substations,  and 
assuming  the  resistance  of  third  rail  and  track  as  0.086  ohms 
per  mile,  the  car  will  be  fed  over  a  resistance  of  0.114  ohms. 
The  R  M  S  line  current  for  the  typical  run  is  351  amperes.  Using 
these  figures  the  efficiency  of  trolley  and  track  is  in  the  neighbor- 
hood of  92%.  The  single  ends  beyond  the  extreme  substations 
are  not  included  in  this  value  which  may  be  considered  high. 
Taking  the  efficiency  of  converters  and  transformers  at  90%,  of 
the  transmission  line  at  95%,  and  the  average  efficiency  of  power- 
house transformers  at  96.5%,  we  would  have  a  resultant  efficiency 
somewhat  less  than  76%.  About  three  quarters  of  the  total 
load  would  be  supplied  at  this  figure — one  quarter  would  be 
supplied  directly  from  the  powerhouse  at  82.8%. 

On  the  above  basis  the  average  daily  consumption  of  power 
for  the  normal  schedule  would  be  as  follows: 
22  locals,  or  555.5  car  miles,  at  3.43  kw-hr.         —  1900  kw-hr. 
20  expresses,  or  505  car  miles,  at  2.7  kw-hr.        =  1363  kw-hr. 

Of  this  total  of  3263  kw.  hrs.,  figuring  three  quarters  at  76% 
and  one  quarter  at  83%,  we  woxild  have  about  4200  kw.  hr.  as 
the  average  daily  consumption  under  the  direct  current  system. 

Choice  op  System 
For  the  purpose  of  making  a  choice  of  system  it  is  only  neces- 
sary to  consider  those  particulars  in  which  the  two  systems 
differ.  The  most  important  of  these  are  first  cost  and  operating 
expenses,  the  latter  including  power  consumption,  station  at- 
tendance and  maintenance  of  equipment.  Following  is  a  com- 
parison of  the  cost  of  the  essential  parts  of  the  two  systems,  as 
outlined  above,  and  for  the  most  part  based  on  prices  asked 
from  manufacturers  to  cover  the  specific  cases.  The  copper 
was  bought  during  the  high  market  of  1907.     This  fact  has  no 
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particular  weight  in  throwing  the  advantage  to  either  system, 
if  the  direct  current  system  includes  the  third  rail  as  conductor. 
The  cost  of  the  third  rail  is  based  on  a  comparison  of  the  several 
estimates  compiled  by  Gottshall  in  **  Electric  Railway  Eco- 
nomics '*.  The  length  of  track,  trolley  and  third  rail  is  taken 
as  33  miles  to  include  the  double  tracks  at  the  north  end  and 
middle  of  the  line  and  the  sidings.  The  transmission  line  is 
about  3.4  miles  longer  for  the  direct  current  than  for  the  single- 
phase  system,  and  the  figures  for  this  item  include  poles.  Con- 
verters with  transformers  are  valued  at  $17.50  per  kilowatt. 

Direct  Alternating 

current  current 

9  cars  completely  equipi>ed $107,300  $140,300 

Catenary  trolley,  poles,  wire  and  guys ....  75,000 

Third  raU 132,000 

Transmission  line 65,000  36,000 

Powerhouse  apparatus 21,000  62,000 

Substation            "         39,000  8,000 

Substation  buildings 15,000  3,000 

Bonding 18,000  11,  00 


$397,300  $344,300 


In  power  consumption  the  two  systems  appear  to  be  on  an 
equal  footing.  This  is  rather  surprising  since  the  motor  gen- 
erators reduce  the  efficiency  of  the  single-phase  system  very 
markedly.  In  this  case  this  reduction  is  offset  by  the  losses  in 
rotaries,  the  excess  loss  in  distributing  system,  and  the  increased 
power  consumption  at  the  car,  due  to  the  smaller  motors  and 
short  nms.  For  longer  local  runs  the  single-phase  power  would 
go  to  higher  values  than  that  for  the  direct  current  system. 
The  price  of  power  is  based  on  the  maximum  demand  and  the 
total  consumption,  and  for  the  normal  schedule  would  average 
about  2.3  c  per  kw-hr.  The  monthly  excess  of  single-phase 
power  would  thus  be  about  $100. 

In  the  matter  of  station  attendance  the  direct  current  system 
would  require  that  of  three  substations,  which  have  no  counter- 
part in  the  single-phase  system.  Two  men  per  station  at  $75 
per  month  each  would  make  this  item  $5400  per  year. 

The  cost  of  maintenance  and  repairs  of  car  equipments  would 
be  less  in  the  direct  current  system.  Recent  figures  indicate 
that  0.5  cent  for  direct  current  and  0.75  cent  per  car-mile  for 
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alternating  current  is  a  fair  basis  for  comparison.  At  30,000 
car  miles  per  month  the  excess  of  this  item  for  alternating  cur- 
rent operation  would  be  $900  per  year.  These  items  represent 
the  principal  particulars  in  which  the  two  systems  would  differ. 
Other  less  conspicuous  differences  may  be  embraced  for  the 
purposes  of  this  comparison  in  a  figure  of  10.5%  for  fixed  charges 
on  the  initial  cost.  This  item  presents  then  an  advantage  on 
the  part  of  the  alternating  current  system  .of  $5565  per  year. 

Summarizing  the  above  items,  we  find  a  total  of  $8,865  per 
year  in  favor  of  the  alternating  current  system.  The  figures  for 
cost  of  the  alternating  current  equipment  have  been  taken  for 
the  most  part  from  prices  actually  paid  for  construction  and 
apparatus,  while  those  for  the  direct  current  system  are  esti- 
mated. The  result  is  that  there  are  several  advantages  possessed 
by  the  alternating  equipment  as  installed  which  would  represent 
a  considerable  increase  in  the  figures  for  first  cost  and  operating 
cost,  if  obtained  tmder  the  direct  current  system.  The  equip- 
ment as  installed  provides  considerably  more  substation  and 
power  station  reserve  capacity  than  was  estimated  for  the 
direct  current  system.  It  provides  for  the  possibility  of  feeding 
moderate  loads  at  Bay  Ridge,  and  increased  feeding  capacity 
to  that  point  at  moderate  cost.  To  accomplish  this  with  the 
direct  current  system  would  mean  a  considerable  addition  to  the 
equipment  as  outlined.  The  regulation  of  the  system  as  in- 
stalled is  better  than  that  available  with  direct  current.  The 
schedule  speed  is  somewhat  better,  or  to  express  it  differently, 
the  initial  cost  of  the  direct  current  equipment  should  be  in- 
creased by  an  amount  necessary  to  cover  a  motor  of  capacity 
equal  to  the  alternating  current  motor.  No  attempt  has  been 
made  to  evaluate  the  cost  to  the  alternating  current  system  of 
these  several  advsmtages. 

Comparative   Costs   op  Steam   and   Electrical  Operation 

The  company's  statements  of  operating  expense  under  steam 
were  available  for  a  period  of  several  years.  They  are  suffi- 
ciently detailed  to  invite  an  attempt  at  a  comparative  estimate 
of  the  cost  of  electrical  and  steam  operation.  The  difficulties 
in  the  way  of  such  an  estimate  are  well  known.  In  the  present 
case  the  nature  of  the  service  is  to  be  changed  both  in  frequency 
and  the  size  of  imits.  The  extent  of  these  changes  cannot  be 
predetermined.  The  exact  proportion  of  old  rolling  stock 
necessary  to  maintain  the  present  schedule,  and  the  proportion 
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of  new  equipment,  both  in  rolling  stock  and  station  apparatus, 
necessary  to  operate  on  an  equivalent  new  schedule  can  only 
be  roughly  estimated. 

In  the  following  comparison  the  present  normal  steam  schedule 
is  assumed  to  require  four  locomotives  and  fifteen  coaches. 
Under  this  schedule  the  maximum  number  of  trains  on  the  line 
at  one  time  is  two  and  a  train  averages  three  coaches;  there 
are,  however,  occasional  special  trains.  Under  electricity  the 
proposed  maximum  number  of  cars  on  the  line  at  once  for  equiva- 
lent normal  schedule  is  four,  and  the  necessary  charges  are  based 
on  these  assumptions.  The  operating  expenses  for  a  typical 
nine  months  of  steam  operation  are  given  belovr;  the  only  items 
discussed  are  those  peculiar  to  steam  operation. 

Conducting  transportation $43,366.49 

Maintenance  of  way 22,129. 40 

Maintenance  of  equipment 12,159.08 

General  expenses 12,196. 91 

89,851.94 

The  car-mileage  during  this  period  was  277,754  or  30,861  car- 
miles  per  month.  The  cost  per  car  mile  is  thus  32.36  cents. 
The  proportions  of  the  above  figures  peculiar  to  steam  operation 
are  indicated  as  follows: 

Conducting  transportation. 

Fuel $13,692 

Waste,  water,  and  oil 1,1 14 

Trainmen 11 ,770 

Roundhou.se  men 354 

$2(5,903,  or    9.71  cent  per  car-mile 
Maintenance  of  Equipment. 

Repairs  to  locomotives 2.13  cent  per  car-mile 

"coaches 1.70     «       «      •'       - 

Maintenance  of  way 7.97     "       "      " 

Interest  on  equipment  peculiar  to  steam  operation, 

including  locomotives,  coaches,  2  water  plants 

turn-table,  coal  plant,  etc 1 .  52     "       "      «       " 

The  total  of  these  items  is 23.1       "       "      "      « 

Each  of  the  above  items  will  be  modified  under  electrical  operation 
approximately  as  follows,  the  same  car  mileage  being  assumed : 
Conducting  Transportation. 

Power,  1060  car  miles  per  day 7 .  80  cent  per  car- mile 

Trainmen,  7  crews  of  2  men 3.90    "       "      "      " 

Signalmen  and  dispatchers 5      "      **      "      * 
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Maintenance  of  Equipment. 

Repairs  to  cars  and  equipments 2 .  76  cent  per  car-mile 

Transmission  line,  3%  of  cost 3      "       "      "      " 

TroUey  5%  of  cost 1.02     «       " 

Station  equipment  3%  of  cost 4       "       "  " 

Maintenance  of  way 7 .  25     "       **  " 

The  proportionate  change  in  this  item  is  based  on 
the  figures  given  by  Stillwell  and  Putnam;  as 
given  here,  bonds  are  included  but  not  overhead 
construction. 
Interest  on  Equipment 

Eight  cars,  power  apparatus,  trolley  and  trans- 
mission line  and  bonding 4 .  48  cent  per  car-mile 

The  total  of  these  items  is  28.47  cent  per  car-mile,  or  an  in- 
crease of  5.37  per  car  mile  over  the  present  figure  for  steam 
operation.  This  increase  therefore  represents  an  increased  total 
operating  cost  of  electricity  over  steam  of  about  1G.G%. 

Considering  the  possibility  of  compensating  for  the  above  in- 
crease in  operating  cost,  it  may  be  noted  that  during  the  last  ten 
years  the  passenger  traffic  of  the  road  has  shown  a  consistent  in- 
crease, amotm  ting  on  the  average  to  about  5.5%  for  the  past  year. 
There  was  therefore  a  large  rate  of  increase  in  the  earlier  years 
of  this  period.  Much  of  this  increase  must  be  attributed  to  the 
legitimate  results  of  the  faciHty  of  travel  afforded  by  the  in- 
creasing efficiency  of  the  steam  road.  In  spite  of  the  per- 
sistence of  the  increased  receipts  from  year  to  year  a  discussion 
with  the  memagement  reveals  a  decided  idea  that  the  through 
traffic  is  about  fixed  in  value.  Notwithstanding  an  increase 
due  to  improved  service  the  reduction  in  rates  consequent  upon 
competition  is  regarded  as  an  offset  such  as  to  maintain  the 
through  traffic  at  a  constant  value. 

As  suggested  before  in  this  paper,  it  is  to  the  local  traffic  that 
an  increase  of  earnings  is  looked  for.  At  present  the  earnings 
from  local  traffic  represent  about  25%.  The  ratio  of  operating 
expense  to  earnings  is  about  65%.  With  the  above  increase  of 
operating  expense  and  assuming  no  increase  of  traffic,  the  ratio 
of  operating  expense  to  earnings  is  increased  to  about  76%. 
It  is  only  necessary,  however,  to  assume  that  the  local  traffic 
will  double,  to  reduce  the  ratio  of  operating  expense  to  earnings 
to  less  than  its  present  value.  As  there  is  practically  no  com- 
petition in  local  traffic,  the  results  of  frequent  electric  service 
in  other  localities  indicate  that  such  an  increase  in  local  traffx 
in  this  instance  is  not  improbable. 

It  would  seem,  therefore,  that  considering  passenger  traffic 
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alone,  notwithstanding  the  fixed  charges  on  the  investment, 
on  a  road  with  traffic  of  the  nature  indicated  in  this  case,  the 
substitution  of  electricity  for  steam  is  well  worth  considering. 

Conclusion 
Outlining  briefly  the  results  of  the  discussion  in  this  paper, 
there  may  be  mentioned  besides  the  general  description  of  the 
road  and  the  considerations  leading  to  the  adoption  of  electricity 
the  following : 

1.  A  review  of  the  values  of  impedance  of  the  circuit  consisting 
of  trolley  and  track,  and  a  method  for  calculating  the  same. 

2.  Several  suggestions  as  to  the  methods  of  constructing  cur- 
rent and  power  curves  for  single-phase  equipments. 

3.  A  discussion  as  to  the  accuracy  of  the  typical  run  curve 
in  its  application  to  the  results  to  be  met  in  the  entire  series  of 
nms. 

4.  An  indication  that  in  some  cases  the  use  of  motor  generators 
with  the  single-phase  alternating  current  system  docs  not  pre- 
clude its  comparing  favorably  with  the  direct  current  system 
of  600  volts. 

5.  While  no  general  conclusions  may  be  drawn  from  in- 
dividual cases  in  the  substitution  of  electricity  for  steam,  the 
indications  in  the  road  here  described  are  that,  on  the  basis  of 
passenger  traffic  alone,  the  undertaking  will  prove  a  profitable 
one. 
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Discussion  on  **  From  Steam  to  Electricity  on  a  Single- 
Track  Road."     Atlantic  City,  N.  J.,  July  1,  1908 

J.  B.  Whitehead:  This  paper  was  suggested  by  some  of  the 
questions  arising  in  undertaking  to  change  a  30-mile,  single- 
track  road  from  steam  to  electricity.  It  is  understood,  of 
course,  that  every  project  of  this  nature  must  be  considered  in 
the  light  of  the  particular  conditions  involved,  so  that  it  is 
rather  to  the  methods  which  have  been  followed  in  the  present 
case  than  to  the  actual  results  and  values  which  were  finally 
adopted,  that  I  ask  attention. 

W.  I.  Slichter:  In  the  equipment  of  a  single-phase  railway 
system  one  of  the  most  important  points  is  the  design  of  the 
conductor  system,  since  there  is  not  the  synchronous  converter 
to  fall  back  upon  as  a  booster  to  make  up  for  any  line  losses  by 
its  compounding. 

The  drop  in  voltage  in  the  rails  with  alternating  current  has 
been  investigated  by  various  persons,  but  as  Mr.  Whitehead  has 
pointed  out,  there  seems  to  be  considerable  difference  in  the 
results  obtained.  It  is  probable  that  these  results  differ  because 
of  the  numerous  conditions  which  enter  with  important  effects 
into  the  phenomenon. 

The  drop  in  the  rail  varies  with  the  perimeter  of  the  rail, 
because  it  is  a  skin  effect;  it  also  varies  with  the  chemical  com- 
position of  the  rail,  which  affects  the  permeability;  with  the 
bonding  which  affects  the  true  or  ohmic  resistance  of  the  cir- 
cuit, and  with  the  quantity  of  current  in  the  rail,  as  this  affects 
the  permeability;  and  with  the  leakage  of  cun^ent  to  ground. 

While  the  results  of  experimental  tests  will  differ  greatly  on  this 
accoimt,  conditions  found  in  practice  do  not  vary  so  greatly 
and  we  do  get  quite  reliable  and  uniform  values. 

The  general  results  of  a  series  of  tests  made  under  operating 
conditions  show  that  at  25  cycles  the  impedance  drop  in  the  rail 
itself  is  approximately  eight  times  as  great  as  the  ohmic  drop 
with  direct  current,  that  the  power-factor  of  this  drop  is  about 
80  per  cent.  The  impedance  drop  in  the  trolley  is  approximately 
50  per  cent  greater  than  that  with  direct  current.  The  result 
is  that  the  total  drop  with  alternating  current  is  approximately 
twice  as  great  per  ampere  as  the  drop  with  direct  current. 

An  interesting  feature  of  this  voltage  drop  is  that  it  has  a 
power-factor  greater  than  the  power-factor  of  the  input  to  the 
car  at  free  running  and  less  than  that  at  starting,  but  more 
closely  approximating  the  power-factor  of  free  running.  Thus 
under  free-running  conditions  this  drop  is  almost  algebraically 
subtracted  from  the  sub-station  voltage. 

At  starting,  when  the  input  to  the  car  has  a  value  about  twice 
that  of  free  running,  the  drop  is  out  of  phase  with  the  line 
voltage  and  is  subtracted  geometrically  at  a  large  angle,  so  that 
at  starting  there  is  a  loss  of  voltage  only  about  50  per  cent 
greater  than  that  at  free  running,  although  the  ratio  of  line  cur- 
rent and  actual  voltage  drops  is  as  two  to  one. 


Digitized  by  VjOOQIC 


1170  A  SINGLE-TRACK  ROAD  [Jtdy  1 

Wm.  HcClellan:  In  regard  to  the  choice  of  systems.  Of 
the  various  systems  proposed  for  electrification,  none  of  us  knows 
which  one  is  going  to  be  the  best,  if  there  is  a  best.  I  am 
perfectly  willing  to  grant  that  there  may  be  a  heavy  grade  at 
some  place  where  a  1200-volt,  direct-current  system  may  seem 
the  best;  there  may  be  a  long  grade,  perhaps,  where  a  three- 
phase  system  may  seem  very  advantageous;  there  are  other 
places  where  the  11, 000- volt,  single-phase  system  may  seem  the 
right  one;  and  still  other  places  where  the  650- volt  system  may 
seem  best;  and  so  on. 

But  we  are  not  electrifying  heavy  grades  or  tunnels.  We  are 
not  electrifjdng  small  portions  of  systems.  We  are  beginning 
to  electrify  whole  systems.  Therefore,  while  we  cannot  at 
present  choose  any  one  system  and  electrify  by  means  of  that 
system,  yet  we  must  constantly  realize  that  the  great  problem 
we  have  is  the  electrification  of  the  large  system.  If  we  are 
called  upon  to  work  with  a  tunnel  or  grade,  or  something  which 
needs  immediate  electrification,  let  us  keep  in  mind  the  whole 
problem  of  the  general  electrification  of  the  whole  road  at  some 
future  day. 

I  know  of  one  place  where  they  want  to  make  a  forty-mile 
extension  on  a  part  of  the  system,  where  a  certain  system  of 
electrification  is  used  on  the  original  part  of  the  road.  There 
is  no  question  whatever  that  another  system  of  electric  pro- 
pulsion is  more  advisable  for  the  extension;  the  problem  is  to 
know  what  to  do,  whether  to  throw  away  the  part  now  in  use, 
and  remake  it,  or  go  ahead  with  the  old  system  and  install  that 
on  the  extension,"  which  is  the  easier  thing  to  do,  and  trust  to 
the  future. 

It  is  fortunate  that  one  large  system  decided  to  solve  their 
problem  on  a  general  basis.  As  a  result  they  have  been  sub- 
jected to  criticism,  because  some  one  can  show  where  a  few 
dollars  might  have  been  saved  now  by  adopting  some  other 
system.  They  have  done  wisely,  however,  in  keeping  in  mind 
the  electrification  of  the  whole  system  rather  than  to  adopt 
the  method  that  is  perhaps  more  immediately  applicable. 

A.  H.  Babcock:  The  method  given  herein  is  not  the  only 
accepted  one  to  be  followed  in  discussing  problems  of  this 
character.  If  it  were  the  only  method,  in  at  least  one  case  with 
which  I  have  to  deal,  we  would  be  hopelessly  at  sea.  That 
particular  case  involves  the  electrification  of  about  135  miles  of 
trans-continental  railroad  over  the  Sierra  Nevadas,  with  a  grade 
rising  7,000  ft.  in  83  miles. 

Have  there  been  any  tests  made  on  the  road,  as  in  operation, 
to  show  how  much  drop  was  encountered  in  the  rails  and  in  the 
overhead  system,  as  compared  with  the  calculated  figures? 

J.  B.  Whitehead:  There  have  been  no  tests  of  these  figures. 
The  best  I  was  able  to  do  was  to  take  the  literature  as  I  found 
it  in  the  matter  and  lay  the  system  out.  The  starting  conditions 
are  excellent,  so  far  as  I  can  observe.  As  for  actual  figures  of 
drop,  I  have  not  been  able  to  get  any. 
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A.  W.  Copley  (by  letter):  The  subject  of  the  constants  of 
alternating-current  railway  circuits  is  one  to  which  I  have 
given  considerable  attention.  During  the  last  few  years  I  have 
had  opportunity  to  make  a  number  of  tests  for  the  determina- 
tion of  such  constants,  the  most  important  of  which  were 
made  on  the  New  York,  New  Haven  &  Hartford  Railroad,  under 
the  general  direction  of  C.  F.  Scott  and  W.  S.  Murray.  The  data 
obtained  in  these  tests  is  summarized  in  the  following  tables. 
The  values  given  for  double-track  and  single-track  are  calculated 
from  the  data  obtained  on  the  four-track  road;  the  values  ob- 
tained in  this  manner  for  single-track  check  closely  with  the 
results  of  tests  made  elsewhere  on  single-track  roads. 

The  impedances  given  in  the  table  are  the  electromotive  forces 
required  for  sending  current  through  the  circuit,  and  are  prac- 
tically equal  to  the  difference  between  the  electromotive  forces 
at  the  power  house  and  at  the  load.  The  values  in  the 
table  are  the  volts  required  per  mile  per  hundred  amperes  in 
the  trolley. 

The  figures  showing  the  division  of  current  between  the  track 
and  the  earth  refer  to  intermediate  portions  of  long  sections; 
the  division  is  different  near  the  power  house  and  near  the  load. 

The  figures  in  the  tables  apply  to  average  practical  conditions 
and  are  suitable  for  the  calculation  of  commercial  circuits. 

Four-Track  Road 
Four  0000  trolley  wires Eight  100-lb.  rails. 

Electromotive  force 25  cycles  15  cycles 

Resistance 

Trolley 6.8  volts  6.7  volts 

Rail 1.8     "  1.6     " 

Total 8.6  "  8.2     " 

Reactance 

Trolley  wires  (internal) 0.35  0.2 

Rails  (internal) 0.85  0.5 

Between  trolley  and  return 

circuit 16.6  9.4 

Total 16.8  10.1 

Impedance,  total 18.9  13. 

Division  of  current 

Each  outside  trolley  wire 26.6  amperes  26.3  amperes 

Each  inside  trolley  wire 23.4         "  23.7         " 

Rails 75 

Earth .^  25 

Four  Track  with  Auxiliary  Feeders 

Four  0000  trolley  wires Two  00  feeders  Eight  l6o-lb.  rails 

Electromotive  force 25  cycles  15  cycles 

Resistance 

Overhead  wires 5.7  volts  5.6  volts 

Rail 1.8     "  1.6     " 

Total 7.6     «  7.1     " 
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Reactance 

Overhead  wires  (internal) 0.2                              0.1 

Rails  (internal) 0.9                              0.6 

Between  overhead  wires  and 

return  circuit 13.3                              8.0 

Total 14.4  volts                    8.7  volts 

Impedance,  total 16.5      "                      11.2      " 

Division  of  current 

Each  feeder  wire 14.2  amperes 

Each  outside  trolley . ". 18.8 

Each  inside  trolley 17.           " 

Rails 76 

Earth 25 

Double-Track  Road 

Two  .0000  trolley  wires Four  100-lb.  rails 

Electromotive  force 25  cycles                      15  cycles 

Resistance 

Trolley 13    volts                     13  volts 

Rail 2.5      "                          2      " 

Total 15.5    «                          15     " 

Reactance 

Trolley  wires  (internal) 0.6                                0.4 

Rails  (internal) 1.2                                0.7 

Between  trolley  wires  and  re- 
turn circuit 25.1                               15 

Total 26.9                              16.1 

Impedance,  total 31.                                22. 

Division  of  current 

Rails 58  amperes 

Earth 42 

Single-Track  Road 

One  0000  trolley  wire Two  100-lb.  rails 

Electromotive  force 25  cycles                      15  cycles 

Resistance 

Trolley 26  volts                        26  volts 

Rail 3      "                             2      " 

Total 29      «                           28     " 

Reactance 

Trolley  wire  (internal) 1 .3  volts                        .8  volts 

Rails  (internal) 1.5     "                            .9      " 

Between  trolley  and  return 

circuit 44.2      "                         26.5      " 

Total 47.-       "                         28.2      " 

Impedance,  total 55.3     "                        39.6     ** 

Division  of  current 

Rails 40  amperes 

Earth 60        ** 

Note. — With  000  trolley  wire  instead  of  0000  for  single-track  the  total 
impedance  in  volts  per  100  amperes  per  mile  is  60. 
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The  earth  losses  are  left  out  of  the  above  tables.  Such 
losses  are  comparatively  small  and  are  not  easily  measured; 
moreover  they  undoubtedly  vary  greatly  with  different  kinds 
of  soil  and  the  ballast  of  the  roadbed,  the  largest  part  of  the 
loss  occurring  in  the  region  where  the  current  is  leaking  from 
the  rails  and  going  into  the  earth. 

Mr.  Whitehead  has  given  figures  for  various  losses  in  railway 
circuits  published  by  Parshall  &  Hobart  and  by  the  Railway 
Test  Commission  and  has  made  calculations  of  such  constants 
from  theoretical  considerations.  A  comparison  of  the  values 
given  in  his  paper  with  values  obtained  from  the  tests  on  the 
New  Haven  road  brings  out  several  interesting  points. 

Rail  impedance.  The  values  for  the  ratio  between  the  im- 
pedance of  the  rails  at  25  cycles  and  the  direct-current  resist- 
ance, are  given  from  Parshall  &  Hobart  as  8.1  and  from  the 
Test  Commission  Report  as  5.5.  These  ratios  are  presumably 
for  an  80-lb.  rail.  Measurements  made  on  the  New  York,  New 
Haven  &  Hartford  Railroad  with  100-lb.  rails  with  0000  bonds 
gave  a  value  of  between  2.5  and  3  for  the  ratio.  This  ratio  was 
obtained  with  current  densities  of  from  40  to  200  amperes  per 
rail,  and  the  results  show  only  a  very  slight  increase  in  the  ratio 
with  increased  density.  The  resistance  of  the  rail  showed  no 
noticeable  change  with  the  density,  but  the  impedance  rose 
slightly  as  the  density  increased. 

Rail  resistance.  The  resistance  of  the  rails  to  alternating 
current  at  25  cycles  as  measured  on  the  New  Haven  road  was 
0.16  ohm  per  mile  of  single  rails.  Multiplying  this  by  the  rail 
current  gives  the  ohmic  drop  of  voltage  in  the  rails.  With  100 
amperes  per  rail,  this  would  amount  to  16  volts.  This  value  is 
little  more  than  half  of  the  value  given  by  the  Railway  Test 
Commission  (28.8  volts  for  80-lb.  rail)  which  is  used  in  Mr. 
Whitehead's  calculations. 

Rail  reactance.  The  reactance  within  the  rail  was  found 
in  the  New  Haven  tests  to  be  about  8  volts  per  100  amperes  per 
mile  for  a  single  rail.  The  value  used  by  Mr.  Whitehead  (21 
volts  for  80-lb.  rail)  in  his  calculations  is  that  taken  from  the 
Railway  Test  Commission's  tests  and  is  over  double  the  value 
given  above  for  a  100-lb.  rail. 

Rail  current.  The  proportion  of  the  trolley  current  which  re- 
turns by  rails  is  seen  from  the  tables  to  vary  according  to  the 
number  of  tracks.  A  single-track  road  has  only  40  per  cent  of 
the  current  returning  by  the  rails  while  a  four-track  road  has 
75  per  cent. 

At  the  point  where  current  enters  the  rails  on  a  single-track 
road  70  per  cent  of  the  current  starts  toward  the  power  house 
and  30  per  cent  in  the  opposite  direction.  The  30  per  cent 
leaks  from  the  rails  into  the  earth  in  from  two  to  three  miles. 
Coming  toward  the  power  house  the  70  per  cent  decreases  to 
40  per  cent  in  about  the  same  distance,  and  the  rail  current  then 
stays  at  this  value  uYitil  near  the  power  house.     Similar  results 
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were  found  on  the  four-track  road,  87  per  cent  starting  toward 
the  power  house  and  decreasing  to  75  per  cent  in  two  miles. 

Position  of  earth  current.  The  position  of  the  earth  current 
varies,  no  doubt,  under  different  conditions  of  soil  etc.  On  the 
New  Haven  road  it  was  found  that  if  the  earth  conductor  was 
assumed  as  1000  ft.  in  diameter  and  tangent  to  the  surface  at 
the  rails,  the  constants  of  the  circuit  calculated  theoretically 
would  be  substantially  the  same  as  those  determined  experi- 
mentally. For  a  single-track  road  an  assumed  diameter  of  600 
ft.  gave  theoretical  constants  the  same  as  the  measured  values. 

Impedance  voUs  due  to  trolley  current.  In  the  calculation  given 
for  the  division  of  current  between  a  000  copper  trolley  wire 
and  a  t^  in.  steel  miessenger  wire,  it  does  not  appear  that  any 
allowance  has  been  made  in  the  value  of  R^  (the  resistance  of 
the  messenger  wire)  for  the  fact  that  the  current  is  alternating. 
The  value  3.7  ohms  is  about  the  value  of  the  resistance  to  direct 
current,  but  9  or  10  ohms  is  probably  nearer  the  value  for  the 
resistance  at  25  cycles.  By  making  this  change  from  3.7  to  10, 
the  values  of  t,  and  i^  (the  currents  in  the  trolley  wire  and  mes- 
senger respectively)  become  97  and  3.5  amperes,  respectively 
and  E  (the  impedance  voltage  in  the  circuit  due  to  the  trolley 
current)  becomes  47.2  instead  of  44.75.  This  value  of  E  (47.2 
volts)  is  close  to  the  value  foimd  by  neglecting  the  messenger 
wire  as  a  conductor. 

Impedance  volts  due  to  rail  current.  The  resistance  voltage  due 
to  rail  current  as  given  above  is  16.2  per  100  amperes  in  each  rail 
per  mile  of  8.1  volts  per  100  amperes  in  a  pair  of  rails  per  mile. 

The  reactance  Volts  due  to  the  field  inside  the  rails  is  4  volts 
per  mile  of  single  track  (two  rails).  The  reactance  voltage  in  the 
trolley-rail  circuit  due  to  rail  current  is  calculated  from  the 
distance  between  rails  and  trolley  wire,  the  rail  current,  and 
the  diameter  of  the  rails.  If  this  last  is  taken  as  2.5  in.,  the 
value  of  reactance  volts  is  about  32  as  is  given  by  Mr.  White- 
head for  100  amperes  in  each  rail  or  16  for  100  amperes  in  the 
track.  The  total  impedance  due  to  track  current  of  100  am- 
peres is  then  8.1— /  20.  Adding  this  to  the  value  deduced  for 
the  impedance  due  to  the  trolley  current,  gives  E^,  the  total 
impedance,  as  67.8  volts  per  mile  per  100  amperes  for  000  trolley 
wire  and  100  lb.  rails.  Taking  into  account  that  the  rail  current 
is  only  40  per  cent  of  the  trolley  current  drops  the  value  of  E^ 
to  about  60  volts. 

Chas.  F.  Scott:  Mr.  Copley  is,  I  believe,  substantially  correct 
in  his  measurements,  and  what  he  has  contributed  is  a  valuable 
addition  to  our  knowledge  on  this  subject.  I  might  add  that  the 
height  of  the  trolley  wire  is  22  ft. 

J.  B.  Whitehead:  I  am  particularly  glad  to  see  these  figures. 
This  is  one  of  the  objects  which  I  had  in  mind  in  bringing  the  cal- 
culation of  the  impedance  volts  into  the  paper.  I  have  only  seen 
Mr.  Copley's  figures  for  the  first  time,  in  the  last  few  minutes, 
and  am  not. prepared  to  make  specific  comments  upon  them. 

The  value  of  the  impedance  volts  for  the  single-track  road  is 


Digitized  by  VjOOQIC 


1908]  DISCUSSION  AT  ATLANTIC  CITY  1175 

what  I  was  most  concerned  with  in  my  paper.  I  notice  that  the 
total  impedance  in  Mr.  Copley's  discussion  at  100  amperes  per 
mile,  is  60  volts  as  against  65  volts  given  in  my  paper. 

The  difference  between  80  and  100  lb.  rails  at  100  amperes 
per  mile  is  appreciable;  maybe  it  will  make  .up  for  the  difference 
in  impedance  values. 

I  did  not  mention  the  matter  of  rail  impedance  at  the  time 
I  was  abstracting  the  paper,  but  I  called  attention  at  the  time 
to  the  difference  in  the  ratios  of  impedance  of  rails  and  direct- 
current  resistances,  as  given  by  the  several  authorities  which  I 
quoted.  I  brought  out  in  the  substance  of  the  paper  the  point 
which  Mr.  Copley  has  reported  here.  He  has  touched  on  the 
subject  of  rail  resistance,  and  I  would  be  glad  to  see  more 
figures  on  that  particular  point.  They  are  all  over  the  place, 
if  one  looks  up  the  measurements  which  have  been  taken,  and 
doubtless  the  variations  are  caused  by  the  different  conditions 
of  track  under  which  the  measurements  are  taken;  that  is  the 
only  way  I  can  account  for  them. 

As  to  the  matter  of  rail  current,  these  are  the  first  figures  I 
have  seen  bearing  on  the  subject.  I  should  like  to  ask  Mr. 
Scott  whether  there  were  any  single-track  measurements  taken 
at  the  time  of  these  tests?  Do  I  understand  these  figures  for 
single-track  are  calculated  from  the  results  of  four- track  tests? 

Chas.  F.  Scott:  Yes;  calculated,  and  also  the  result  of  direct 
measurement.  The  figures  relating  to  three  single-track  meas- 
urements taken  at  three  places  are  from  actual  tests. 

J.  B.  Whitehead:  I  should  like  to  see  the  record  of  these 
single-track  tests,  because  there  are  remarkably  few  at  present 
available  in  the  literature.  The  resistance  of  the  catenary  cable 
at  25  cycles  is  placed  here  at  from  9  to  10  ohms,  but  by  con- 
jecture only.     The  value  appears  excessive. 

S.  H.  Clarkson:  In  figuring  out  the  cost  per  car-mile,  I 
should  like  to  know  whether  Mr.  Whitehead  took  the  loco- 
motive into  consideration,  and  if  so  to  what  extent?  It  seems 
to  me  that  the  cost  per  ton-mile  would  be  a  much  more  equitable 
basis  for  comparison,  not  only  in  the  present  instance  where 
a  steam  and  a  single-phase  road  are  being  considered,  but  in 
all  cases  where  it  may  be  necessary  to  compare  trains  having 
different  equipment  or  motive  power. 

J.  B.  Whitehead:  I  shall  answer  the  question  last  asked. 
The  figures  given  at  the  end  of  the  paper  on  the  relative  costs 
of  operation  are  based  entirely  on  the  passenger  traffic  of  the 
road.  The  freight  traffic  will  be  handled  by  steam,  certainly 
for  the  present.  The  comparison  here  given  is  entirely  on  the 
basis  of  passenger  traffic,  and  it  has  been  estimated  that  a  cer- 
tain car  mileage  was  necessary  to  handle  the  passenger  traffic. 
That  is  the  reason  for  the  basis  of  car-mileage. 

As  to  the  maintenance  of  locomotives,  the  figures  for  the  cost 
of  maintenance  are  at  once  available  from  the  company's  books, 
and  it  was  a  simple  matter  to  put  them  on  the  car-mileage  basis. 
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INDUCTION  MOTORS  FOR  MULTISPEED  SERVICE  WITH 

PARTICULAR  REFERENCE  TO  CASCADE 

OPERATION 


BY    H.    C.    SPECHT 


During  the  last  ten  or  fifteen  years  a  great  deal  of  work  has 
been  done  toward  perfecting  methods  for  varying  the  speed  of 
induction  motors.  Each  of  these  methods  has  certain  disad- 
vantages, which  have  precluded  the  general  adoption  of  any  one 
of  them  for  practical  use.  The  method  most  generally  applied 
for  varying  the  speed  is  that  of  inserting  resistance  in  the  secon- 
dary circuit.  This  method  of  speed  regulation,  however,  has 
the  one  great  disadvantage  that,  for  a  certain  load  and  speed  a 
certain  amoimt  of  resistance  is  required;  and  as  soon  as  the 
load  changes,  the  resistance  must  be  changed  in  order  to  maintain 
the  same  speed.  When  the  load  is  taken  off  the  motor  will 
return  to  its  sjmchronous  speed.  It  is  also  evident  that  such 
speed  regulation  can  be  obtained  only  by  a  great  sacrifice  of 
eflSciency,  due  to  the  high  ohmic  losses  in  the  secondary  circuit. 

For  work  which  does  not  require  large  size  motors,  the  above 
method  might  be  satisfactory.  For  motors  of  large  size,  there 
are  as  a  rule  only  two  or  three  different  speeds  required ;  in  such 
cases  good  efficiency  and  power-factor,  and  a  good  speed  regula- 
tion for  all  loads  and  speeds  are  wanted.  Motors  which  fulfil 
these  conditions  and  which  are  best  known  are  the  following : 

1.  Independent  motors  with  different  numbers  of  poles,  the 
rotors  of  which  are  mounted  on  the  same  shaft. 

2.  A  single  motor  with  separate  windings,  each  of  which  is 
connected  for  a  certain  number  of  poles. 

1177 
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3.  A  single  motor  with  one  winding,  which  can  be  connected 
for  different  ntimber  of  poles. 

4.  An  induction  motor,  the  secondary  of  which  is  connected 
to  a  synchronous  motor. 

5.  Two  induction  motors  connected  either  in  direct  or  in 
differential  concatenation  or  as  single  motors. 

It  is  the  intention  in  this  paper  to  discuss  mainly  the  charac- 
teristics and  the  operation  of  motor  sets  as  mentioned  in  the 
last  paragraph. 

The  motors  of  the  cascade  set  are  ordinary  induction  motors 
with  wound  secondaries,  the  rotors  of  both  motors  being  moimted 
on  the  same  shaft  or  interconnected  mechanically  by  other 
means.  The  primary  oif  the  first  motor  is  connected  to  the 
line  circuit  and  its  secondary  winding  to  the  primary  winding 


foUnt 


Fig.  1. — Concatenation  diagram  of  motors  arranged  in  direct  concate- 
nation 


of  the  second  motor,  which  may  be  the  stator  or  the  rotor.  The 
secondary  of  this  last  motor  is  short-circuited  direct  or  through 
an  external  resistance. 

The  two  motors  are  connected  in  direct  concatenation  if  they 
have  a  tendency  to  start  up  in  the  same  direction,  the  synchron- 

cvcles  X  1 20 
ous  speed  being  then  =  — ; ,    where  p,  is  the  number 

of  poles  of  motor  I  and  />,  the  number  of  poles  of  motor  II. 
(See  Fig.  1). 

When  the  two  motors  tend  to  start  in  directions  opposite  to 
each  other,  they  are  connected  in  differential  concatenation  and 

cycles  X  120 


have  a  synchronous  speed  of 


(Fig.  2). 


P-P. 

We  shall  first  investigate  the  changes  of  slip,  frequencies, 
voltages,  and  magnetizing  current  in  each  motor  when  they  are 
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connected  either  in   direct  or  differential  concatenation  and 
running  at  different  speeds. 

Notations 

n,  =  S)mchronous  speed  of  motor  I,  running  as  single  motor. 

ft,  =  Synchronous  speed  of  motor  II,  running  on  secondary 
circuit  of  motor  I. 

n   =  Speed  of  the  motor  set. 

c,  —  Frequency  in  the  line  circuit. 

c,  =  Frequency  in  secondary  of  motor  I  and  primary  of 
motor  II. 

c,'  =  Frequency  in  secondary  of  motor  II. 

e^  =  Voltage  on  primary  of  motor  I. 

e^  =  Voltage  induced  in  secondary  of  motor  I. 

e,'  =  Voltage  induced  in  secondary  of  motor  II. 

p^  =■  Nimiber  of  poles  in  motor  I. 


llolQrn 


ToUm 


Fig.  2. — Concatenation  diagram  of  motors  arranged  in  differential  con- 
catenation 

p^  =  Number  of  poles  in  motor  II. 

i^   =  Winding  turns  in  primary  of  motor  I. 

i^   =  Winding  turns  in  secondary  of  motor  I. 

t^'  =  Winding  turns  in  primary  of  motor  II. 

i^'  =  Winding  turns  in  secondary  of  motor  II. 

5,  =  Slip  of  motor  I. 

s,  <=  Slip  of  motor  II. 

%    =  Slip  of  motor  set. 

The  slips  of  motor  I  and  motor  II  may  be  expressed  by: 


n. — n       ,       n 

5,  =  -^ =    1 


n. 


n^Tn 


n, 


n 


n,  n, 


(1) 
(2) 
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The  minus  sign  in  the  last  equation  is  to  be  used  when  motors 
are  connected  in  direct  concatenation  and  the  plus  sign  when 
motors  are  connected  in  differential  concatenation. 

The  synchronous  speeds  of  motor  I  and  motor  II  may  be 
determined  from 

„.  =  '-^^  (3) 


In  the  latter  formula  the  frequency  (c,)  in  the  primary  of 
motor  II  is  equal  to  c^  s^  and  w,  may  then  be  expressed  by: 


c,   .  5,   .    120 
P. 

Formulas  (1)  and  (2)  combined,  give 


(4) 


^  n.Tn.  (1-5,)    ^  ^  ^  n,     _ 
Formulas  (3)  and  (4)  combined,  give 

and  this  latter  equation  placed  into  formula  (5)  gives 

..=  1^-^.^  (6) 

or 

s. ^—j  (7) 

IT  (5,-1)  I; 

These  last  two  equations,  (6)  and  (7) ,  show  how  the  slip  of  one 
motor  depends  on  the  slip  of  the  other  motor.  If,  for  instance, 
the  slip  of  motor  I  equals  1,  the  slip  of  motor  II  will  also  equal  1; 
if  5i  ==  0  then  5,  will  equal  infinity. 


Digitized  by  VjOOQIC 


1908]  SPECHT:  INDUCTION  MOTORS  1181 

Since  the  primary  of  motor  II  is  connected  to  the  secondary  of 
motor  I,  the  frequency  in  both  these  members  is  the  same,  and 
equals: 

C,  =  5,C.  (8) 

The  frequency  in  the  secondary  of  motor  II  is 
Replacing  s^  by  its  value  in  formula  (6),  we  obtain 

or 

^,'  =  c.[^.T(l-i,)|^]  (9) 

Assuming  that  the  drop  of  voltage  in  the  two  motors  is  com- 
paratively small  and  may,  therefore,  be  neglected,  the  induced 
voltages  in  the  windings  of  the  two  motors  at  different  speeds 
may  be  expressed  as  follows: 


e,  =  s,   .  f-  .  e,  (10) 


The  value  of  s^  from  formula  (0)  inserted,  gives 


e'  =  ^      -^      -         /'it—'      M 


t    i2_  £2_ 


or 


V-i     ;:;.[',  TO-.,)  I;]... 


(11) 


The  above  equations,  (10)  and  (11),  give  the  values  of  e^  and  e^. 
To  obtain  the  exact  values  of  the  voltages  e^  and  ^/,  it  would  be 
necessary  to  know  the  magnitude  as  well  as  the  direction  of  the 
current  vectors  in  the  different  members  and  the  ohmic  as  well 
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as  the  inductive  resistance  of  the  windings.     This  would  mean 
a  simple  geometrical  summation  of  voltages. 

Let  us  now  ascertain  how  the  magnetizing  currents  chan^ 
with  the  speed.  When  motor  I  is  running  as  a  single  motor, 
the  line  circuit  has  to  excite  this  motor  only,  and  as  is  generally 
known,  the  magnetizing  current  for  a  given  motor  will  be  con- 
stant if  the  induced  voltage  and  frequency  remain  constant, 
independent  of  the  speed.  Since  in  direct  or  differential  con- 
catenation the  second  motor  is  connected  to  the  first,  the  line 
circuit  must  also  furnish  the  exciting  current  for  this  second 
motor.  From  formulas,  (8)  and  (10),  we  know  that  the  induced 
voltage  in  the  secondary  of  motor  I  (which  at  the  same  time  is 
the  voltage  on  the  primary  of  motor  II)  changes  in  the  same 
ratio  as  the  frequency,  the  drop  in  the  windings  being  ignored 
as  before.  Under  no-load  condition,  to  neglect  this  drop  will 
not  lead  to  any  appreciable  err^^r. 

Since  the  voltage  ^,,  on  the  primary  of  motor  II  changes  di- 
rectly with  the  frequency  c,,  the  magnetizing  or  no-load  current 
in  this  motor  will  also  remain  constant  at  the  different  speeds. 
The  exception  to  this  is,  that  when  motor  I  is  running  at  its 
sjrnchronous  speed,  the  frequency  and  voltage  of  the  primary 
of  motor  II  become  zero,  with  the  result  that  the  magnetizing 
current  also  becomes  zero.  And,  as  the  vectors  of  the  mag- 
netizing currents  of  the  two  motors  are  practically  in  the  same 
phase,  they  may  be  added  numerically  after  being  reduced  to 
equal  voltage.  This  sum  would  represent  the  total  magnetizing 
or  no-load  current,  and  would  be  the  same  whether  motors  were 
connected  in  direct  or  differential  concatenation. 

To  prove  the  correctness  of  the  above  formulas,  tests  as  follows 
could  be  made : 

(A)  Motors  Connected  in  Direct  Concatenation 

Secondary  of  the  second  motor  open-circuited,  and  the  set 
driven  mechanically  by  a  third  motor  of  variable  speed  charac- 
teristics. At  different  speeds  the  frequencies,  voltages,  and 
amperes  to  be  taken  in  all  members,  the  voltage  and  frequency 
on  the  primary  of  motor  I  to  be  held  constant. 

Example  of  actual  test  and  calculation.  Both  motors  wound 
3-phase,  of  which  motor  I  was  designed  for  8  poles,  50  cycles,  400 
volts  and  motor  II  for  4  poles,  16§  cycles.  77  volts.  The  ratio  of 
turns  in  motor  I  was 

4^  =  0.58 
J  f, 
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|4  -  0.66. 
Fig.  3  represents  the  different  values  when  motors  are  connected 


Fig.  3. — Motors  connected  in  direct  concatenation.    Secondary  of 
motor  II  open-circuited 

in  direct  concatenation.     These  values  are  derived  from  the 
previous  formulas  and  have  been  proved  by  actual  test. 

The  conditions  at  zero  speed  are  practically  identical  with 
those  of  a  stationary  transformer  connected  in  cascade.  With 
increase  of  speed  the  induced  secondary  voltages  (e^;  ^/)  and- 
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the  frequencies  (c,;  c/),  of  motors  I  and  II,  the  slip  {s^)  of  motor  I 
and  slip  (5,)  of  motor  II  decrease.  At  the  synchronous  speed 
of  the  cascade  set  (500  rev.per  min.)  e/,  c,',  and  5,  drop  to  zero 
and  above  that  speed  they  become  negative,  which  indicates 
that  motor  II  acts  as  an  induction  generator. 

At  750  rev.per  min.,  motor  I  reaches  its  synchronous  speed  and 
it  follows  that  e^,  c,,  and  5,  become  zero.  Consequently  the  sec- 
ondary frequency,  the  voltage,  and  the  magnetizing  current  of 
motor  II  should  drop  suddenly  to  zero,  which,  in  fact,  they  do 
as  is  found  by  actual  test.  (In  Fig.  3  the  magnetizing  cur- 
rent of  motor  II  is  reduced  to  primary  voltage  of  motor  I). 

Formulas  (9)  and  (11),  however,  do  not  show  this,  because  the 
drop  is  not  taken  into  consideration  and  because  our  previous 
assumption  is  correct  only  for  relatively  small  drops.  In  the 
vicinity  of  the  synchronous  speed  of  motpr  I,  (750  rev.per  min.) 
the  induced  voltage  in  its  secondary  is  very  small  and  as  the 
magnetizing  current  of  motor  II  remains  constant,  if  the  voltage 
increases  in  the  same  ratio  as  the  frequency,  the  drop  in  voltage 
amounts  here  to  quite  a  percentage.  Even  if  there  were  no 
losses  in  the  motors,  it  might  be  of  interest  to  note  that  our 
mathematical  formulas  do  not  agree  fully  with  the  physical  laws. 

As  the  magnetizing  current  of  motor  II  at  750  rev.per  min. 
drops  abruptly  to  zero,  the  primary  current  of  motor  I  is  equal  to 
the  magnetizing  current  of  motor  I.    This  was  also  proved  by  test. 

By  increasing  the  speed  of  the  cascade  set  still  further,  i.e., 
above  750  rev.per  min.,  motor  I  becomes  a  generator  and  motor 
II  again  a  motor. 

(B)  Motors  Connected  in  Differential  Concatenation 
Tests  to  be  made  in  the  same  manner  as  in  (A) .  The  results 
of  test  and  calculations  are  shown  in  Fig.  4.  We  learn  from 
the  curves  in  Fig.  4,  that  at  zero  speed  the  voltages  (^,;  e^')  and 
the  frequencies  (c,;  c/)  are  of  full  value  and  that  the  slips  {s^\s^ 
of  both  motors  are  equal  to  1  or  100  per  cent.  All  these  values, 
except  the  slip  s^  and  the  magnetizing  currents,  decrease  in  a 
certain  relation  to  the  speed;  at  750  rev.per  min.,  e^,  Cj,  s^  have 
become  zero.  The  secondary  voltage  (^/)  and  the  frequency 
(c,0  at  this  speed  drop  abruptly  from  half  their  full  values  to 
zero,  owing  to  the  zero  voltage  and  frequency  in  the  primary 
of  motor  II. 

The  slip  (5,)  of  motor  II  increases  from  1,  slowly  at  first,  but 
gradually   faster  and  faster  until   infinity.     Talcing  into   con- 
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sideration  the  several  rotations  of  the  fields  as  well  as  data  given 
above,  we  find  that  up  to  this  speed,  750  rev.per  min.,  both  ma- 
chines act  as  motors.  At  750  rev.per  min.,  motor  I  runs  at  its 
synchronous  speed;  and  since  the  cycles  in  the  primary  of 
motor  II  have  dropped  to  zero  and  further,  since  motor  II  for- 
merly ran  in  the  direction  opposite  to  its  normal  rotation,  the 
speed  of  motor  II  corresponds  to  the  infinite  value. 

Owing  to  the  fact  that  in  motor  II  the  frequency  and  volts 
are  zero,  it  is  obvious  that  at  the  synchronous  speed  of  motor  I 
there  is  no  tendency  in  the  motor  set  itself  to  rise  to  the  syn- 
chronous speed  of  the  differential  concatenated  connection. 
Other  means  must  be  resorted  to  in  order  to  obtain  this  speed. 
After  the  set  has  been  speeded  up  it  will  stay  there  and  will 
carry  load.  One  way  to  speed  up  the  set  is  to  start  it  by  using 
another  motor;  another  way  is  to  connect  the  motor  having  the 
smaller  number  of  poles  with  the  line  and  when  the  set  reaches 
synchronous  speed  switch  over  to  the  normal  operating  con- 
nection. 

It  is  not  advisable  to  leave  the  motor  having  the  smaller 
number  of  poles  on  the  Une  because  the  frequency  in  the  circuit 
connecting  the  motors  will  be  of  double  magnitude.  The  total 
iron  losses  of  the  set  would,  therefore,  be  considerably  greater, 
causing  a  drop  in  the  efficiency  and  also  causing  a  higher  tem- 
perature rise. 

Considering  now  the  curves  of  the  pass  from  750  to  1500  rev.per 
min.  (see  Fig.  4),  we  observe  that  the  secondary  voltage  (^,)  and 
the  frequency  [c^  of  motor  I  become  negative  and  at  1500  rev. 
per  min.  reach  their  full  negative  value  compared  with  the  posi- 
tive values  at  standstill. 

The  voltage  (e/)  and  frequency  (c/)  in  the  secondary  of 
motor  II  drop  gradually  to  zero.  The  slip  (5  J  of  motor  II  has 
changed  at  750  rev.per  min.  from  4- infinity  to  —infinity  and  has 
at  1500  rev.per  min.  the  final  value  of  zero. 

In  reviewing  this  data,  bearing  in  mind  the  field  rotations  in 
both  motors,  we  observe  that  at  a  speed  above  750  rev.per  min., 
motor  II  becomes  an  induction  generator  which  forces  a  fre- 
quency into  the  secondary  of  motor  I.  This  frequency  has  a 
field  rotation  opposite  to  that  of  the  primary  of  motor  I.  The 
result  is  that  the  rotor  of  motor  I  must  run  at  a  speed  correspond- 
ing to  the  sum  of  the  primary  and  secondary  frequencies  (c, 
and  c^)  in  order  to  be  in  synchronism. 

Since  the  primary  voltage   {e^  of   motor  II  varies  directly 


Digitized  by  VjOOQIC 


1186 


SPECHT:  INDUCTION  MOTORS 


[July  1 


with  its  frequency  (c,,)    the  magnetizing  current  of  motor  II 
remains  constant,  ignoring  the  drop  in  the  windings. 

At  750  rev.per  min.,  however,  the  magnetizing  current  of  this 
motor  will  suddenly  drop  to  zero  owing  to  absence  of  voltage  and 
frequency.    As  the  magnetizing  current  of  motor  I  is  constant  and 


Fig.  4. — Motors  connected  in  differential  concatenation.     Secondary  of 
motor  II  open-circuited 

has  practically  the  same  power  factor  as  the  magnetizing  current 
of  motor  II,  these  currents  can  be  added  numerically  (when 
reduced  to  the  same  voltage  as  is  done  in  Fig.  4) ,  to  get  the  total 
magnetizing  current  of  the  set.  This  current  will  be  the  same 
as  in  direct  concatenation. 
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Conditions  with  secondary  of  motor  II  closed.  In  the  foregoing 
it  has  been  shown  that  with  motors  connected  either  in  direct 
or  differential  concatenation,  running  at  their  synchronous  speed, 
the  frequency  and  voltage  in  the  secondary  winding  of  motor  II 
is  zero.  Therefore,  the  short-circuiting  of  this  winding  would 
not  affect  conditions  in  the  other  members.  When  the  motor 
set  is  running  on  load  the  speed  will  be  somewhat  lower.  In 
each  winding  there  will  be  a  certain  frequency  and  voltage  and, 
therefore,  some  current.  The  voltages,  magnetizing  amperes, 
and  frequencies  of  all  members  may  be  taken  from  Figs.  3  and  4 


Fig.  5. — Vector  diagram  of  currents  in  motor  set 

respectively,  and  by  taking  into  consideration  the  drop  in  the 
winding,  it  is  possible  to  determine  the  actual  currents  which  flow. 
The  primary  current  {i^)  in  motor  I  is  made  up  of  its  magnetiz- 
ing current  (i^j)  and  its  secondary  current  (i„)  which  form  a 
triangle.  The  secondary  current  of  this  motor  is  at  the  same 
time  the  primary  current  of  motor  II  and  this  current  again  is 
made  up  of  the  magnetizing  current  (i^^  and  secondary  current 
(ijO  of  motor  II,  which  also  form  a  triangle.     (See  Fig.  5.) 

The  two  vectors  of  the  magnetizing  current  (i^^)   and   (ip^ 
are  practically  in  line  as  mentioned  before. 
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The  inductive  resistances  and  the  corresponding  induced 
voltages  vary  directly  with  the  frequency,  the  ohmic  resistances 
being  generally  small  in  comparison  vrth  the  inductive  re- 
sistances. Therefore,  considering  the  voltages  as  constant, 
the  inductive  resistances,  according  to  this  theory,  must  also 
be  considered  constant.  An  induction  motor  is  equivalent  to 
a  circuit  with  ohmic  and  inductive  re^itances,  providing  the 
winding  turns  are  reduced  to  the  same  voltage.  To  a  certain 
extent,  this  is  also  true  of  a  motor  set  connected  either  in  direct 
or  differential  concatenation  as  shown  in  Fig.  6. 
In  the  above: 

r,  =  Ohmic  resistance  in  primary  of  motor  I. 
=  Inductive  resistance  in  primary  of  motor  I 
==  Ohmic  resistance  in  secondary  of  motor  I. 
=  Inductive  resistance  in  secondary  of  motor  I. 
=  Ohmic  resistance  in  secondary  representing  resistance 
corresponding  to  load  of  motor  I. 


-VVNAAAAA/^ 


•i»«e 


I  »A/NAAAAAA^ 


Fig.  6. — Schematic  diagram  of  motor  set 

r/  =  Ohmic  resistance  in  prinxary  of  motor  II. 

x/  ==  Inductive  resistance  in  primary  of  motor  II. 

r/  =  Ohmic  resistance  in  secondary  of  motor  II. 

x./  =  Inductive  resistance  in  secondary  of  motor  II. 

R^  =  OhmiQ  resistance  in  secondary  representing  resistance 

corresponding  to  load  of  motor  II. 
r^  =  Ohmic  resistance  representing  the  factor  of  iron  loss  in 
motor  I. 
sjq'  =  Ohmic  resistance  representing  the  factor  of  iron  loss  in 
motor  11. 
Xq  =  Inductive  resistance  representing  the  factor  of  the  mag- 
netizing current  in  motor  I. 
Xq^  =  Inductive  resistance  representing  the  factor  of  the  mag- 
netizing current  in  motor  II. 
In   Fig.    6   everjrthing   remains   constant   except  s/  r^\    /?, 
and  /?,.     The  resistance  representing  iron  loss  in  motor  II  varies 
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directly  with  the  slip  of  motor  I  approximately.  /?,  and  /?, 
vary  inversely  with  the  slip  (s)  of  the  set  approximately. 

It  is  apparent  in  Fig.  6,  that  with  increase  of  load  or  increase 
of  amperes,  the  voltage  across  the  points  {cd)  decreases  on 
account  of  the  drop  in  voltage  in  the  section  (a  c).  This  results 
in  a  decrease  of  magnetizing  current  in  motor  II.  The  question 
now  is,  what  will  this  change  amount  to.  According  to  formula 
(10),  the  voltage  {e^  of  the  secondary  of  motor  I,  (which  is  also 
the  primary  voltage  of  motor  II),  depends  mainly  on  the  slip  (5,) 
of  motor  I  and  this  slip  depends  in  turn  on  the  ratio  of  the  nimi- 
ber  of  poles  in  both  motors  and  on  slip  (5,)  of  motor  II.  If  for 
instance,  the  number  of  poles  in  motor  II  is  small  in  comparison 
with  the  number  of  poles  in  motor  I,  the  slip  (5  J  will  be  small,  as 
will  be  also  the  voltage  (^J.  Therefore,  the  drop  in  the  windings 
will  be  proportionately  large  ;  ue,,  the  change  in  the  magnetizing 
current  (t^  J  will  be  great  with  the  variations  of  load.  In  most 
cases,  however,  the  ratio  of  the  number  of  poles  in  motor  II  to 
those  of  motor  I  is  not  greater  than  1  to  3,  and  if  motors  are 
prooerly  designed  the  magnetizing  current  in  motor  II  will  remain 
practically  constant  within  those  limits  which  are  of  interest  in 
determining  performances.  Assuming  that  our  conclusions  are 
as  nearly  correct  as  commercial  use  requires,  and  providing  that 
the  slip  of  the  motor  set  is  not  too  large,  we  can  consider  the 
two  motors  as  a  single  one;  i,e.,  at  different  loads  the  factors 
in  Fig.  6  will  remain  constant  with  the  exception  of  i?,  and  R^, 

It  would  now  be  an  easy  matter  to  demonstrate  that  the 
extremities  of  the  current  vectors  for  the  different  loads  travel  on 
a  circle.^ 

To  draw  up  the  diagram  circle  the  following  test  data  are  re- 
quired: 

1.  Primary  and  secondary  amperes  and  primary  watts  of 
motor  I,  nmning  in  direct  concatenation  (or  differential  concat- 
enation as  the  case  may  be)  at  full  voltage. 

2.  Primary  amperes  and  watts  with  motor  set  locked,  to  be 
taken  at  any  voltage,  preferably  at  approximately  half  voltage, 
these  tested  values  to  be  reduced  to  full  voltage. 

3.  Secondary  voltages  of  motor  I  and  II,  when  standing  still 
and  secondary  of  motor  II  open-circuited. 

4.  Ohmic  resistance  of  primary  and  secondary  windings  of 

\  Electrical  World  &  Engineer,  Feb.  23.  1906,  "Practical  Diagram  for 
Induction  Motors." 


Digitized  by  VjOOQIC 


1190  SPECHT:  INDUCTION  MOTORS  [July  1 

motor  I  and  of  primary  winding  of  motor  II.  All  resistances 
to  be  reduced  to  the  primary  of  motor  I. 

To  show  how  the  diagram  circle  is  obtained  from  few  test 
values  and  how  the  performances  are  derived  from  the  same, 
the  following  example  is  made  use  of: 

Motor  I,  60  h.p.,  400  volts,  50  cycles,  8  poles,  primary  as  well 
as  secondary  wound,  three-phase  in  star. 

Motor  II,  60  h.p.,  77  volts,  16f  cycles,  4  poles,  primary  as  well 
as  secondary  wound ,  three-phase  in  star. 

These  two  motors  were  connected  in  direct  concatenation, 
the  primary  of  motor  II  being  connected  to  the  secondary  of 
motor  I,  and  the  primary  of  motor  I  to  a  line  circuit  of  three- 
phase,  400  volts,  50  cycles,  and  finally  the  secondary  of  motor 
II  short-circuited. 

(1)  No-LoAD  Readings 
Iq  s=  71.4  amperes,  total  in  primary  of  motor  I. 
i^^  «  34  amperes,  total  in  secondary  of  motor  I,  reduced  to 

primary  winding. 
Po  =  3.1  kw.  no-load  losses. 

(2)  Locked  Readings 
ix,  ==  412  amperes  in  primary  of  motor  I. 
Pl  —  64.6  kw.  in  primary  of  motor  I. 

(3)  Motors  at  Rest,  Secondary  op  Motor  II  Open-circuited 

Voltage  e^  =  232  and  e/  =  153. 

(4)  Resistance  per  leg  Reduced  to  Primary  Winding  of 
Motor  I  and  to  a  Temperature  Corresponding  to 

Continuous  Full-Load  Run 

r,    =0.11    ohms  in  primary  of  motor  I. 
fj    =  0.104  ohms  in  secondary  of  motor  I. 
r/  =  0.064  ohms  in  primary  of  motor  II. 
f^'  =  0.046  ohms  in  secondary  of  motor  IL 

In  Fig.  7,  the  vertical  axis  represents  the  direction  of  the 
voltage  impressed  into  primary  of  motor  I ;  the  quadrant  A  B 
with  its  center  O  and  with  a  radius  of  100  parts  represents  the 
power-factor  circle. 

To  determine  the  center  of  the  diagram  circle,  first  lay  off 
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to  a  convenient  scale  the  no-load  and  locked  current  vectors 

O  Co  =  71.4  amperes, 

and 

OCl  =  412  amperes, 

in  the  direction  of  their  respective  power-factors. 
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Fig.  7. — Circle  diagram 


cos  0L  = 


*x    .    ^1 


=  0.392 


Then  from  C^  draw  the  line  C^  Oc  making  an  angle  £  with  the 
base  line 


tane  =  ^'o  r,+  io.  (^  +  ^0  ^  ^^^^^ 
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The  intersection  of  the  line  perpendicular  to  the  middle 
of  Co  Cz,  with  the  line  C^  Oc  is  the  center  of  the  diagram  circle. 
The  line  Co  Cx,  represents  the  base  line  for  the  output;  i.e.,  the 
distance  from  any  point  on  the  circle  above  Co  C^  to  this  line 
(Co  Cj)  multiplied  by  a  certain  constant  gives  the  horse  power 
output  for  the  corresponding  current  vector. 

The  line  which  connects  the  points  Co  and  C^  represents  the 
base  line  for  torque ;  the  point  Co  is  already  known  and  point  C^ 
can  be  determined  by 

cotan9,„  = ' 


Herein  is: 

X.  +  X.+X/  +  X.'  =  !!!Li-_£i  =  0,92X400  ^  J,  ggg  ^^^^ 
'        '        *  ■  t^  412 

and  r^  +  r.  +  r/  =  0.278  ohms 
Therefore : 

,       ,         0.278     ^  ^,, 
^^^^^^-  =  07893=°-^^^ 


The  torque  for  any  current  vector  is  equal  to  the  distance  from 
the  corresponding  point  on  the  circle  to  the  line  (Co  Cm)  multi- 
plied by  a  certain  constant  which  may  be  easily  calculated  from: 

5250  X  horse  power  output        „    ^  ^  ^  ^     ^      j. 

^— J —  =  lb.  torque  at  1  foot  radius. 

speed  ^ 

Tangent  (Co  V,)  to  the  current  circle  at  Co  is  the  base  line  for 
the  secondary  copper  losses.  Therefore  a  line  with  a  con- 
venient scale  of  100  parts  drawTi  between  Co  V,  and  Co  C^  and 
parallel  with  XC'o  C,«)  gives  the  slip  scale.  A  line  from  Co 
through  any  current  point  on  the  circle  indicates  the  percentage 
of  slip  on  the  latter  scale,  reading  from  left  to  right. 

A  line  (a  V)  drawn  through  the  intersection  (a)  of  line  Cp  Cl 
with  O  A  and  which  makes  approximately  an  angle  with  O  A 
equal  to  J  (90° +<^),  {d  being  the  angle  of  V  C^  with  O  A) 
represents  the  base  line  for  the  total  losses.  Therefore,  a  con- 
venient scale  between  this  line  and  Co  Cj,  and  parrallel  to  O  i4 
represents  the  efficiency  scale,  i.e.,  a  line  from  (a)  through  any 
current  point  of  the  circle  will  indicate  on  the  scale  the  per- 
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centage  of  efficiency.     As  an  example  Fig.  7  shows  the  results 
for  point  C  only,  which  are  as  follows: 

d~C=  124  amp.  (total);  efficiency  =  83.3  per  cent.;  slip  == 
3.8  per  cent.;  power  factor  =  72  per  cent.  From  these  we 
calculate 

amperes  X  volts  X  efficiency  X  power-factor 
Horse  power  output  = =7^ • 


,     ,     124X400X0.833X0.72 
Horse  power  output  = ^au '^  "^^ 


--                            ^        amperes  X  volts X  power-factor        ._  ^ 
Horse  power  mput  =  =- ,.    — •  ==  48.i 

Speed  of  motor  set  =  500  (1—0.038)  =  481  rev.  per  min. 

r,     ^  .    ,    rx        J-  5250 X horse  power  output 

Lb.   torque   at    1   ft.  radius  =  -5 ^— 

^  speed 


Tt_    X  .    1    XX        J.  5250X40 

Lb.   torque   at    1  ft.  radius  =  — ^^- —  =  437 


Data  for  all  other  loads  may  be  obtained  in  the  same  way 
as  in  above.  The  maximum  torque;  i.e.,  the  pull-out  torque  of 
the  motor  set,  is  equal  to  the  maximum  distance  dp  multiplied 
by  a  constant,  which  might  be  determined  from  the  above  load  of 

point  C  constant  =    — — -r-^ — =  ~X~*     Consequently  maximum 

torque  =  -^x437  =  788  lb.  at  1  ft.  radius. 

All  the  data  derived  from  this  diagram  checked  up  to  within 
a  fraction  of  1  per  cent,  with  the  results  obtained  by  test  and  by 
calculation. 

In  the  same  way  as  described  above  we  may  obtain  the  data 
for  motors  connected  in  differential  concatenation. 

Comparing  now  these  results  with  those  which  might  have 
been  obtained  from  two  independent  motors,  one  having  12 
poles  and  the  other  8  poles,  and  together  having  the  same  amount 
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of  material  as  the  complete  cascade  set,  we  find  the  following: 
The  efficiency  and  power-factor  will  be  somewhat  higher  if  each 
motor  has  the  same  maximum  torque  as  the  cascade  set.  Never- 
theless, the  cascade  set  has  certain  advantages  over  a  set  com- 
posed of  two  independent  motors.  A  few  of  the  more  important 
points  of  advantage  are:  greater  latitude  in  design,  a  more 
flexible  and  a  simpler  speed  control,  and  safer  operation. 

For  instance,  in  a  cascade  set  the  individual  motors  may  be 
designed  so  as  to  have  greater  width  and  smaller  diameter, 
thus  keeping  the  peripheral  speed  lower  than  would  be  the  case 
with  a  single  motor  for  the  speed  of  direct  concatenation.  In 
cascade  connection  each  motor  tends  to  balance  the  other,  conse- 
quently the  speed  regulation  is  more  smooth ;  that  is,  the  change 
from  slow  to  high  speed  or  from  high  to  slow  speed  can  be  made 
gradually  without  any  mechanical  jarring,  or  electrical  choking 
effects.  For  example,  a  change  from  slow  to  high  speed  can  be 
accomplished  by  inserting  a  high  resistance  across  the  circuits 
connecting  motors  I  and  II  and  then  cutting  out  resistance 
gradually  with  the  increase  in  speed  until  the  set  reaches  the 
normal  speed  of  motor  I,  or  any  other  between  that  of  syn- 
chronism of  motor  I  and  that  of  cascade  connection  as  may  be 
desired;  all  other  connections  to  remain  unchanged.  In  a  case 
where  three  or  four  different  speeds  are  wanted,  it  is  obvious 
that  a  cascade  set  can  be  built  very  much  more  cheaply  than 
three  or  four  independent  motors.  For  instance  with  two 
motors,  motor  I  having  10  poles  and  motor  II  6  poles  and  at  a 
line  frequency  of  60  cycles,  the  following  S3nichronous  speeds 
can  be  obtained : 

1.  Motor  1  and  II  in  direct  concatenation  450  rev.  per  min. 
..  2.  Motor  I  runs  single  720  rev.  per  min. 

3.  Motor  II  runs  single  1200  rev.  per  min. 

4.  Motor  I  and  II  in  differential  concatenation  1800  rev. 
per  min. 

It  should  be  noted  that  the  above  speeds  are  possible  with  a 
set  consisting  of  a  10-pole  motor  and  a  6-pole  motor.  Other 
combinations  of  speeds  may,  of  course,  be  obtained  by  changing 
the  number  of  poles.  However,  in  any  combination  of  motors 
the  speeds  have  a  certain  arbitrary  relation  to  each  other.  For 
this  reason  the  four  speeds  obtained  might  in  some  cases  not  be 
the  ones  desired;  that  is,  some  of  them  could  be  the  ones  wanted 
while  the  others  would  not  be. 

In  comparing  the  different  methods  of  varying  speeds  of  in- 
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duction  motors  we  find  that  each  method  has  some  advantage 
over  the  others  when  considered  in  connection  with  certain 
classes  of  work.  But  at  the  same  time,  there  are  certain  disad- 
vantages to  be  found  in  all  these  methods.  The  operation  of  a 
cascade  set  is  simple  and  safe  even  if  the  efficiency  and  power 
factor  are  not  altogether  the  best,  on  account  of  the  increased 
inductance. 

The  elimination  of  this  objection  depends,  it  would  seem,  on 
the  development  of  an  efficient  and  practical  phase  compen- 
sator. 
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Discussion  on  **  Induction  Motors  for  Multispeed  Service 

WITH  Particular  Reference  to  Cascade  Operation." 

Atlantic  City,  N.  J.,  July  1,  1908 

W.  I.  Slichter:  There  is  a  point  in  the  subject  of  cascade 
connection  of  induction  motors  which  the  speaker  would  like 
to  hear  discussed,  as  it  is  particularly  important  in  connection 
with  railway  engineering.  The  usual  and  first  idea  of  the 
result  of  the  cascade  connection  of  induction  motors  is  that 
it  will  make  it  possible  to  obtain  from  a  given  pair  of  motors 
a  greater  torque  at  a  low  speed  than  is  obtained  in  normal  op- 
eration. But  a  closer  study  of  this  subject  shows  that  the 
maximum  torque  of  two  motors  connected  in  cascade  is  always 
less  than  that  of  either  one  of  the  individual  motors.  This  is 
a  proved  fact  with  regard  to  the  operation  of  motors  with  like 
numbers  of  poles,  but  it  would  be  interesting  to  knpw  what  the 
relation  is  with  motors  having  different  numbers  of  poles. 

A.  E.  Averrett:  I  have  found  that,  in  general,  concatenated 
coupling,  when  used  for  a  very  small  range  of  speed,  will  work 
out  quite  nicely,  as  it  is  comparable  to  a  relatively  small  change 
of  voltage,  with  a  compensator  or  auto  transformer,  but  as  the 
range  of  speed  increases,  the  effectiveness  of  the  concatenated 
set  decreases.  The  second  motor  has  all  its  power  carried 
through  the  first  motor,  and  the  first  motor  will  have  a  great 
impedance  drop,  so  that  the  effective  voltage  of  the  second 
motor,  after  the  current  has  passed  through  the  impedance 
of  the  first  motor,  is  low.  Furthermore,  the  concatenated 
motor  acts  similarly  to  a  single  two-speed  motor.  The  lower 
the  speed  of  any  induction  motor,  the  lower  the  power-factor; 
that  is,  in  case  the  speed  reduction  is  by  a  change  of  poles. 
A  constant-speed,  collector-ring,  induction  motor  will  maintain 
approximately  constant  torque  with  an  efficiency  in  proportion 
to  the  speed;  a  concatenated  or  multispeed  motor,  where  the 
change  of  speed  is  made  by  shortening  the  pole  pitch,  will  main- 
tain fairly  constant  efficiency,  but  the  power  factor  goes  down 
with  the  speed  reduction.  In  concatenated  motors  the  problem 
is  nearly  as  much  a  mechanical  as  an  electrical  problem; 
the  diameters  become  small,  distances  between  bearings  centers 
increase,  and  with  the  slow  speed  which  we  are  really  trying 
to  maintain,  the  question  of  ventilation  becomes  important. 
There  was  recently  built  a  concatenated  set  for  a  very  peculiar 
service,  rolling  mill  work,  where  the  concatenated  motors  were 
20  and  16  poles,  and  the  combination  36  poles.  It  happened 
that  the  power  required  for  the  actual  concatenation  work,  at 
36  poles,  was  very  slight,  the  main  power  being  at  the  20-  and 
16-pole  speeds. 

Most  motor  work  will  require  constant  torque  or  perhaps 
torque  increasing  as  the  speed  drops  (constant  power).  In 
these  cases,  the  low  power-factor  of  the  concatenated  motor  ren- 
ders it  extremely  difficult  to  make  a  good  combination  at  the 


Digitized  by  VjOOQIC 


190g 


DISCUSSION  AT  ATLANTIC  CITY 


1197 


low  speed;  but  for  a  close  range  to  the  normal  speed,  as  before 
stated,  the  concatenated  motor  works  very  well. 

Elmer  A.  Sperry:  Can  anybody  here  throw  light  on  the  sub- 
ject of  returning  power  to  the  line  when  this  class  of  motor  is 
employed  in  traction  service,  coupled  as  described? 

H.  C.  Specht:  It  has  been  asked  if  two  motors  connected  in 
cascade  would  give  any  more  torque  than  one  of  the  motors. 
This  certainly  is  not  possible  unless  auxiliary  devices  are  used. 
The  motors  connected  in  cascade  will  have  somewhat  less;  or 


«tf/-. 


not  more  torque,  than  the  average  of  the  two  motors,  and  the 
reason  is  simply  that  the  current  has  to  pass  through  both 
motors,  which  increases  the  leakage.  As  was  mentioned  at  the 
end  of  my  paper,  it  is  a  problem  of  finding  a  good  phase  com- 
pensator, to  eliminate  the  most  objectionable  features  of  cascade 
connections. 

In  regard  to  compensated  cascade  sets,  I  would  like  to  men- 
tion that  several  schemes  have  been  suggested  in  the  last  few 
years.     Whether  or  not  any  of  these  schemes  will  be  adopted 
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for  general  use  and  give  satisfactory  results,  is  yet  an  open 
question. 

The  method  generally  used  for  compensation  is  that  of  con- 
necting a  synchronous  motor  or  a  compensator  induction  motor 
in  the  secondary  circuit.  The  motors  are  then  regulated  so  as 
to  produce  a  leading  current.  Since  this  current,  with  the 
primary  current  and  the  magnetizing  current  of  the  main  motor, 
form  a  triangle,  it  is  possible  to  raise  the  power-factor  not  only 
to  one  but  to  obtain  an  over  compensation  or  leading  current. 

The  following  will  serve  as  examples  of  the  methods  referred 
to  and  as  described  recently  by  Heyland,  Wilbier,  and  Kubler 
in  German  technical  periodicals, 


DnVtna 
Set 


Ff^.Z. 


Fig.  1  shows  an  arrangement  with  a  synchronous  motor  (Q 
in  the  secondary  circuit.  On  the  same  shaft  with  the  latter 
motor  is  a  direct-current  generator  which  supplies  current  to 
the  second  driving  motor  \B),  which  is,  in  this  case,  a  direct- 
current  motor.  The  direct-current  machines  and  the  synchron- 
ous motor  are  excited  from  a  separate  direct-current  circuit. 

In  Fig.  2,  compensation  is  accomplished  by  means  of  a  com- 
pensated induction  motor  (p)  connected  to  the  secondary 
circuit  of  the  main  driving  motor  and  to  the  other  induction 
motor  (C),  which  latter  is  mounted  on  the  same  shaft  as  the 
compensated  motor,  and  serves  as  a  frequency  changer. 
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The  second  driving  motor  (B)  is  also  an  induction  motor  and 
is  connected  to  the  secondary  circuit  of  motor  (C). 

In  Fig.  3  is  shown  a  method  similar  to  that  in  Fig.  1,  with 
the  exception  that  the  synchronous  motor  (Q  is  replaced  by 
an  induction  motor,  the  secondary  of  which  is  connected  through 
the  collector  rings  to  the  armature  winding  of  the  driving  motor 

The  foregoing  methods  serve  not  only  to  compensate  the 
power-factor,  but  also  allow  of  starting  up   the  tandem  set 
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with  a  great  deal  less  kilowatt  input  than  would  be  required 
in  the  case  of  ordinary  induction  motors,  on  which  a  great  deal 
of  power  is  wasted  on  the  secondary  resistance.  It  likewise 
increases  the  maximum  nmning  torque  over  that  of  an  ordinary 
cascade  set. 

In  addition,  the  schemes  as  shown  in  Figs.  2  and  3,  permit 
of  reversing  the  set  in  a  comparatively  short  time  and  with  no 
sudden  rush  of  current,  as  the  inertia  in  the  two  driving  motors 
is  kept  small.     The  flywheel  on  the  auxiliary  motors  serves  as  a 
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Storage  for  kinetic  energy.  For  obvious  reasons  these  latter 
should  be  designed  for  high  speed. 

Further,  we  see  that  the  methods  above  described  allow  of 
running  tandem  sets  at  variable  speeds  with  the  minimum 
waste  of  energy.  In  some  respects  they  are  similar  to  the 
Ilgner  &  Leonard  reversing  systems. 

The  method  as  shown  in  Fig.  3  would  seem  to  contain  pos- 
sibilities in  connection  with  hoisting,  rolling-mill,  and  traction 
service. 
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THE  DETERMINATION  OF  THE  ECONOMIC  LOCATION 
OF  SUB-STATIONS  IN  ELECTRIC  RAILWAYS 

BY  GERARD  B.  WERNER 

The  method  of  attacking  the  problem  of  the  location  of  sub- 
stations in  electric  railways  is  governed  by  the  physical  layout 
of  the  road.  The  problem  involved  in  the  case  of  networks 
serving  a  limited  territory,  such  as  urban  or  suburban  lines, 
may  be  solved  from  a  study  of  the  magnitude  of  the  various 
relatively  fixed  load-centers  which  are  created  by  the  con- 
figuration of  the  lines;  and  the  sub-stations  may  be  placed  at 
the  different  centroids  of  the  system.  In  the  case  of  long 
single  roads  connecting  distant  communities,  such  as  inter- 
urban  and  tnmk  lines,  there  is  presented  the  study  of  more  or 
less  imiformly  loaded  stretches,  in  which  there  are  no  distinct 
centers  of  load,  except  those  that  result  from  the  characteristics 
of  the  line  profile  or  the  traffic  movement.  The  latter  problem 
is  more  susceptible  to  mathematical  treatment,  so  that  the 
contents  of  this  paper  will  be  confined  to  the  consideration  of 
interurban  and  tnmk  line  projects,  or,  in  other  words,  to  rela- 
tively long  roads. 

Of  the  various  considerations  that  govern  the  layout  of  the 
secondary  distribution  of  electric  railways,  the  question  of  econ- 
omy is  generally  the  preponderant  influence.  It  is  obvious  that 
the  economic  condition  should  be  determined  as  a  basis  of 
reference,  and  approximated  as  far  as  is  consistent  by  the 
actual  design.  The  theoretical  economic  solution,  however, 
may  be  difficult  or  impossible  of  attainment,  if  certain  operating 
considerations  of  a  mechanical  or  an  electrical  nature  intervene 
and  dictate  the  use  of  a  cross-section  of  secondary  copper  other 
than  that  determined  by  Kelvin's  law.     For  example,  the  eco- 
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nomic  drop  may  exceed  the  limiting  drop  permitted  for  the 
acceleration  of  the  motors,  under  which  conditions  economy 
would  give  precedence  to  regulation.  In  the  present  problem, 
as  will  appear  shortly,  for  a  given  mean  square  current  per  car, 
a  given  cost  of  copper,  and  a  given  imit  cost  of  energy,  the  drop, 
according  to  Kelvin's  law,  is  inversely  proportional  to  the 
square  root  of  the  ntimber  of  annual  car-hours.  The  cross- 
section  of  the  secondary  copper  is,  therefore,  dependent  on  the 
number  of  cars  or  trains  in  service,  the  length  of  line,  and  the 
schedule  speeds.  Thus  for  infrequent  service,  the  economic 
drop  may  be  excessive  and  result  in  stalling  the  cars;  similarly, 
for  dense  traffic  movements,  the  economic  drop  may  be  insuffi- 
cient and  render  the  resulting  investment  prohibitive.  Kelvin's 
law  is  based  on  the  mean  power  lost,  while  the  operating  cri- 
terion is  based  on  the  maximum  drop. 

Besides  these  technical  considerations,  which  may  be  decisive 
in  the  design  of  the  distributing  copper,  a  ntmiber  of  commercial 
considerations  exert  a  pronounced  influence  on  the  location  of 
the  sub-stations.  In  this  category  may  be  included  the  ques- 
tion of  placing  the  sub-station  at  or  near  a  railway  station,  in 
order  to  utilize  the  station  employes  for  emergency  switchboard 
operation,  or  to  provide  accessibility  for  periodical  inspection, 
in  the  absence  of  continuous  attendance.  Thus,  the  sub-station 
may  be  somewhat  removed  from  the  site  determined  by  purely 
economic  reasons. 

The  specific  purpose  of  this  paper  is  to  develop  an  equation 
for  the  number  of  sub-stations,  or  the  distance  between  sub- 
stations, which  will  render  the  total  annual  charges  on  the  in- 
stallation a  minimum.  This  equation  is  to  be  in  terms  of  the 
various  constants  fixed  by  the  length  of  line,  time-table,  the 
weight  of  cars  or  trains,  the  motor  characteristics,  the  cost  of 
energy,  and  the  equipment  charges. 

The  initial  step  in  the  treatment  of  this  problem  is  the  de- 
termination of  the  analytical  expressions  of  the  various  annual 
charges  as  functions  of  a  single  variable,  the  number  of  sub- 
stations. All  those  items  of  the  annual  charges  which  may  be 
regarded  as  constant  and  independent  of  the  number  of  sub- 
stations, may  be  omitted  in  the  analysis.  Thus,  assuming  that 
it  is  not  necessary  to  feed  the  sub-stations  with  separate  high- 
tension  lines,  the  weight  of  copper  and  the  losses  in  the  primary 
distribution  are  dependent  only  on  the  energy  to  be  transmitted 
and  the  mean  distance,  so  that  the  primary  transmission  may 
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be  eliminated  from  consideration.  Obviously,  the  charges  on 
the  trolley  suspension  and  insulation  do  not  enter.  The  follow- 
ing algebraic  expressions  are  therefore  required: 

1.  Annual  charges  on  sub-stations, 

2.  Annual  charges  on  overhead  copper, 

3.  Annual  cost  of  sub-station  losses, 

4.  Annual  cost  of  secondary  conductor  losses. 

These  four  items  are  present  whether  the  system  employed 
is  continuous,  single-phase,  or  three-phase  current.  For  the 
purposes  of  this  paper,  it  will  be  sufficient  to  develop  the  for- 
mula for  the  simplest  layout.  The  single-phase  system  has  been 
elected,  therefore,  to  illustrate  the  general  method  of  deducing 
J;he  equation,  although  by  the  introduction  of  the  proper  modi- 
fications in  the  analytical  expressions  (to  cover  such  features 
as  the  third-rail,  synchronous  converters,  attendance,  etc.,  in 
the  continuous-current  system,  and  the  two  overhead  conductors, 
three-phase  transformation,  etc.,  in  the  three-phase  system)  the 
results  of  this  analysis  will  be  equally  applicable  to  all. 

Annual  charges  on  sub-stations.  The  first  point  to  be  deter- 
mined is  the  sub-station  capacity.  In  general,  if  a  line  contem- 
plates electrification  we  may  assume  that  the  frequency  of  the 
various  traffic  movements  dictated  by  the  present  or  pros- 
pective time-table  results  in  a  more  or  less  uniformly  distributed 
load  along  the  line,  and  consequently  the  load  between  adjacent 
sub-stations  varies  more  or  less  directly  with  the  length  of  the 
sub-station  section.  Thus,  neglecting  for  the  moment  the 
question  of  reserve,  the  capacity  of  each  sub-station  will  be 
proportional  to  the  distance  between  sub-stations,  the  aggregate 
sub-station  capacity  remaining  constant,  and  being  governed 
by  the  total  maximum  load  occurring  on  the  line  at  one  time. 

In  those  classes  of  ser\dce  where  the  traffic  density  through 
the  varying  exigencies  of  the  train-weights,  time-table,  or 
*  profile,  is  not  imiform  along  the  entire  line,  it  is  necessary  to 
consider  individual  load-sections  rather  than  general  distance- 
sections.  When  this  condition  exists,  the  line  may  be  broken 
up  into  divisions  where  the  load  per  mile  is  approximately  con- 
stant, each  particular  division  segregated,  and  treated  sepa- 
rately for  the  determination  of  the  sub-station  capacity  and 
the  distance  between  sub-stations. 

The  question  of  spare  capacity  is  influenced  by  the  kind  of 
transformation  between  the  transmission  and  the  distribution. 


Digitized  by  VjOOQIC 


1204  WERNER:  LOCATION  OP  SUB-STATIONS         [July  1 

A  three-phase  primary  may  be  inctimbent  on  account  of  one  or 
more  of  the  following  reasons:  1.  The  railroad  may  desire  to 
sell  surplus  power  to  various  industrial  establishments  where 
single-phase  current  is  not  acceptable.  2.  The  additional  cost 
of  single-phase  generation  may  not  offset  the  advantages  accru- 
ing from  the  simplicity  of  the  switching  gear.  3.  The  railroad 
may,  from  compelling  commercial  reasons,  desire  to  purchase 
its  power  from  an  outside  company. 

With  a  three-phase  primary  transmission  we  are  practically 
limited  to  two  methods  of  transformation  to  the  secondary 
distribution.  1.  Sub-stations  transforming  to  single  phase  and 
feeding  successive  sections  with  separate  phases,  or  2,  sub- 
stations transforming  to  two-phase  and  feeding  adjacent  sec- 
tions with  either  phase.  In  the  first  case,  two  transformers 
are  required  in  each  sub-station,  so  that  the  same  phase  may 
be  supplied  to  the  common  section  extending  between  them. 
In  the  second  case,  two  transformers  are  also  required,  so  that 
the  sub-station  capacity  will  be  divided  between  at  least  two 
units,  with  a  possible  third  as  a  spare  unit. 

With  the  assumption  made  above  of  the  uniformity  of  the 
distribution  of  load  along  the  line  either  (a)  for  the  entire  stretch 
between  terminal,  or  (6)  for  the  particular  load-section  in  ques- 
tion, and  further  assuming  that  the  transformers  are  capable  of 
withstanding  momentary  overloads  of  150  per  cent.,  the  fol- 
lowing expression  results: 

S 

where 

KW^'  required  capacity  of  one  sub-station  in  kilowatts, 
P  =  total  maximum  power  input  in  kilowatts  required  at 
one  time  on  the  line, 

q  =  spare  capacity  in  terms  of  the  capacity  actually  re- 
quired 

s  =  number  of  sub-stations 
One  transformer  will  have  a  capacity  of 

KW'^^^^  (2) 

The  cost  of  a  single  sub-station  consists  of  the  cost  of  real 
estate    (building  and  ground)   which  may  be  taken  as  inde- 
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pendent  of  the  capacity,  and  the  cost  of  equipment,  which  is  a 
function  of  the  capacity.  The  equipment  cost  comprises  the 
cost  of  transformers,  switchboard,  wiring  and  protective  ap- 
paratus. The  cost  of  the  transformers  for  a  given  type,  voltage 
and  frequency  in  sizes  between  150  kw.  and  500  kw.  may  be 
taken  as  a  linear  function  of  the  output  as  follows: 

Ft^2{K,  +  K,KW^)il+q)  (3) 

where  /C,  and  AT,  are  constants  fixed  by  the  manufacturer. 

The  remainder  of  the  equipment  may  be  grouped  as 
auxiliary,  and,  without  appreciable  error,  taken  at  a  fixed  con- 
stant value  irrespective  of  the  kilowatt  capacity.  If  it  is  fur- 
ther assumed  that. one  average  fixed  charge  will  uniformly 
cover  the  different  equipment  items,  and  another  the  building 
and  ground,  the  annual  charges  on  the  total  sub-stations  may 
be  written  down: 

as  -  sl^frFr+f.  {  Fa+a+q)  (2/C.+M^)  J  ]        (4) 

in  which 

Fr  =  cost  of  building  and  grotmd 

Fa  ==  cost  of  switchboard,  wiring,  protective  apparatus,  etc. 

fr    =  fixed  charges  on  building  and  ground  as  decimal 

/,    =  fixed  charges  on  equipment  as  decimal 
or,  putting, 

M.^frFr  +  h\Fa-¥{l+q)2K,\  (5) 

and 

M,  =  /,(l-hg)0.4A:.P  (6) 

a,  =  M,5-hM.  (7) 

Annual  charges  on  overhead  copper.  The  overhead  conductors 
may  be  proportioned  according  to  Kelvin's  law,  if  the  losses 
therein  can  be  computed  without  too  much  labor.  To  this  end 
it  is  consistent  to  assume  that  the  mean  load  on  each  sub- 
station is  fixed  at  a  certain  distance,  one-third  of  the  length 
of  the  section,  from  the  sub-station.     Since  the  cross-section  of 


Digitized  by  VjOOQIC 


1208  WERNER:  LOCATION  OF  SUB-STATIONS         [July  1 

the  copper  by  Kelvin's  law,  for  a  given  transmitted  power, 
depends  only  on  the  cost  of  copper  and  the  cost  of  the  energy, 
the  trolley  can  be  determined  for  the  economic  condition  inde- 
pendent of  the  distance  that  the  power  is  transmitted  from 
the  sub-station  to  the  car  or  train.  However  the  cost  of  copper 
becomes  a  function  of  the  distance  between  sub-stations  through 
the  fact  that  the  losses  in  the  overhead  conductors  per  section 
vary  as  the  car-hours  per  section  or  inversely  as  the  nimiber  of 
sub-stations. 

Letting 

w  «=  root  of  mean  square  load  per  car  or  train  in  apparent 
watts 

V   «  trolley  voltage 

h  «  car  or  locomotive  hours  per  year 

5   =  number  of  sub-stations 

r   =  resistance  per  mile  of  trolley  wire 

D  =  T/s  =  length  of  one  section  in  miles,  the  end-sections 
being  one-half  the  length  of  the  others. 

T  =  total  length  of  line  in  miles 

k  ^  cost  of  one  kilowatt-hour  at  high-tension  side  of  sub- 
station in  dollars 

€    ==  per  cent,  all-day  efficiency  of  sub-stations 

Fc=  cost  of  copper  in  cents  per  pound 

fc  =  annual  charges  on  copper  as  decimal 
the  following  expression  of  Kelvin's  law  results: 

w'hDkr      _S76DFcfc  ,^. 


i;M000X3  5€  rlOO 

the  first  member  representing  the  annual  cost  of  the  energy  lost 
section,  and  the  second  member  the  annual  charges  on  the 
investment. 

Solving  for  r,  to  obtain  the  cross-section  of  copper, 


Substituting  in  the  preceding  equation  the  value  for  r,  we 
obtain  the  total  annual  charges  on  the  overhead  conductors, 


8.76XZ?FJ,5 
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or  

,^,0_054lTu>lF^  (11) 


or,  placing 


0.0541  7tt;       JFcfchk 


ac^^  (13) 

V5 

i4«?»«a/  C05/  o/  sub-station  losses.  Reverting  again  to  the 
premises  of  the  practical  uniformity  of  line  loading  and  the 
equal  distribution  of  the  total  sub-station  capacity  along  the 
line,  it  is  apparent  that  imder  the  assumption  that  the  per 
rcTit.  of  iron  and  copper  losses  is  constant  for  all  sizes  of  trans- 
formers under  consideration,  the  transformation  of  the  given 
amotmt  of  energy  required  at  the  overhead  conductor  will  entail 
transformer  losses  that  will  be  constant  and  independent  of  the 
capacity  or  number  of  the  individual  sub-stations. 
.  As  a  corollary  to  this  conclusion,  the  sub-station  all-day 
efficiency  will  be  the  same  irrespective  of  the  spacing  of  the 
stations.  The  error  accruing  from  the  assumption  of  constant 
transformer  losses  is  almost  negligible,  and,  furthermore,  the 
omission  of  the  cost  of  sub-station  losses  simplifies  the  algebraic 
operations  in  the  determination  of  the  condition  for  the  minimum 
annual  charges. 

Annual  cost  of  secondary  conductor  losses.  The  annual  cost  of 
the  losses  occurring  in  the  overhead  copper  was  computed  from 
the  expression  of  Kelvin's  law.  The  secondary  conductor  losses 
should  contain,  to  be  rigorously  exact,  the  losses  occurring  in 
the  track-return,  but  the  calculations  show  that  these  amoimt 
to  only  a  small  per  cent,  of  the  total  yearly  cost.  This  is  readily 
seen  from  a  comparison  of  the  trolley  and  track  resistances. 
To  take  the  most  unfavorable  combination  likely  to  occur  in 
practice,  assume  an  overhead  wire  of  No.  0000  and  60-lb.  rails. 
The  ratio  of  track  resistance  to  trolley  resistance  is  0.0422  :  0.259, 
or  0.163.  To  take  the  most  favorable  combination,  No.  00  wire 
and  100-lb.  rails,  the  ratio  is  0.0253  : 0.412,  or  0.0615.  So  that 
the  track  losses  lie  between  about  6%  and  16%  of  the  copper 
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The  track  losses  will  take  a  form  similar  to  the  first  member 
of  equation  (8),  all  the  factors  entering  being  constants  except 
the  car-hours  per  section,  and,  as  will  appear  farther  on,  the 
retention  of  a  term  with  5  in  the  denominator  will  render  the 
expression  d  a/d  s  an  equation  of  the  third  degree.  The  resulting 
value  of  5,  after  the  algebraic  solution,  would  be  rather  cumber- 
some to  evaluate  from  the  numerical  constants,  and  the  sacrifice 
of  mathematical  precision  will  not  materially  vitiate  the  prac- 
tical result. 

Solution.  With  the  algebraic  expressions  for  the  several  items 
constituting  the  total  annual  charges  on  the  sub-station  and 
overhead  copper  investments,  we  may  proceed  with  the  solution. 
The  total  annual  charges, 

a  =  asiGc+ic  (14) 

since  the  annual  charges  on  the  copper  are  equal  to  the  annual 
cost  of  the  losses. 

Or,  using  the  corresponding  expressions, 

a  =  M.s  +  M.-h  2  ^  (16) 

Vs 

From  this  equation  it  is  seen  that  the  curve  of  the  total  annual 
charges  is  the  result  of  a  curve  superposed  on  a  straight  line. 
Differentiating, 

^  =  M,-M.5-i  (17) 

Placing  the  differential  equal  to  zero  and  solving  for  5 

.•    -  ^  (.S, 

or 

log  s  =  0.667  Gog  M ,  -  log  M,)  (19) 

Hence 

log  D  -  log  T/s  -  log  7  -  0.667  (log  M ,  -  log  M,)        (20) 
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It  will  be  seen  on  inspection  that  -7-,  will  be  greater  than 
zero,  so  that  the  value  of  s  given  in  equation  (19)  will  render  a 


a  mmimum. 


da 


The  equation  -7—  when  multiplied  through  by  5,  shows  that 

for  a  minimum  value  of  the  annual  charges,  tlie  cost  of  copper  is 
equal  to  that  part  of  the  cost  of  the  sub-stations  which  is  inde- 
pendent of  the  output. 

Example:  To  illustrate  the  use  of  this  equation,  there  is  sub- 
mitted herewith  a  certain  interurban  railway  project.  The  line 
is  single- tracked,  110  miles  in  length  laid  with  80-lb.  rails.  The 
traffic  ij  a  mixed  passenger  and  freight,  the  former  being  han- 
dled by  40-ton  motor  cars,  and  the  latter  by  60-ton  locomo- 
tives. The  preliminary  study  of  the  calculated  run-sheets 
shows  the  following: 


Average 

„   _         _^ kilowatt 

Service  No.         tons  m.p.h.        ptt  day       input 


Through  freight.  . 

Local  freight 

Express  passenger 
Local  passenger. . . 
Baggage 


No. 

Weight 
tons 

SthedtUe 
speed 
m.p.h. 

Train 

hours 

I>er  day 

2 

9G0 

15 

14.6 

4 

4M) 

21 

21.0 

8 

40 

40 

22.0 

16 

40 

32 

65.0 

4 

50 

34 

12.9 

276 
221 
104 
97 
120 


Total  train-hours  per  day,  126. 

Average  apparent  kilowatt  input  per  train,  176. 

The  energy  is  transmitted  from  a  power  company's  plant  at 
66,000  volts,  and  is  transformed  to  3300  volts  at  the  sub-sta- 
tions, where  it  is  sold  to  the  railway  company  at  the  rate  of  one 
cent  per  kilowatt-hour. 

The  cost  of  each  sub-station  building  and  groimd  was  esti- 
mated uniformly  at  $2000,  the  cost  of  the  switchboard,  wiring, 
and  protective  apparatus  at  $1800  per  sub-station,  the  price 
of  copper  at  15  cents  per  pound,  and  the  fixed  charges  on  these 
three  items  at  7  per  cent.,  15  per  cent.,  and  8  per  cent.,  re- 
spectively. The  cost  of  oil-insulated  self-cooling  transformers 
in  sizes  of  150  kw.  to  500  kw.  for  25  cycles  60,000  to  3,300  volts 
was  found  to  be 

Fi»  =  1080+2.9  if  PF' 
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Hence  the  following  numerical  values  result: 

fr    -  0.07 
Fr  -  2000 
/,    -0.15 
Fa  =  1800 
K,  =  1080 
T   =  110 

IV  -  176,000 

V  -  3300 
Fc  -  15 

fc    -  0.08 
h    -46000 
k    -  0.01 
e     -  0.96 
Then,  assuming  that  there  will  be  no  spare  ttansfonnets, 
M,  =  140+594  -  734 


^        0.0541X110X176000,^    |  l^ixU. 
•""  -3300  \ 


U8X4OU00X0.01 


; 

M,  -  317X24.0 

log 

M,  =  3.8813 

log 

2.8657 
^'  ~  1.0156 

log 

s      =  0.6771 

s      -  4.754 

0.96 
7608 


which  indicates  that  the  economic  condition  would  be  about  5 
sub-stations  about  22  miles  apart. 

The  required  trolley  section  has  a  resi^^tance, 


m       fl5y0 


162X3300^      15X0.08X5X0.96 


176000        \        4G000X0.01 

r      =  3.04X0.1118  ==  0.34  ohms  per  mile 
f '    =  0.0643  ohm  per  1000  ft. 

which  corresponds  to  a  No.  000  wire. 

Having  established  the  number  of  sub-stations  and  the  cross- 
section  of  the  overhead  conductor,  it  remains  to  be  seen  whether 
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the  consequent  drop  between  the  sub-station  and  the  train  is 
prohibitive.  The  graphic  time-table  shows  that  the  maximum 
number  of  trains  on  the  line  simultaneously  is  as  follows:  one 
through  freight,  two  local  freights,  eight  passenger  cars,  and 
two  baggage  cars.     With  these  trains  in  the  mo6t  unfavorable 
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position  likely  to  occur,  the  total  peak  load  is  about  3700  kw. 
and  the  maximtun  input  required  between  sub-stations  is  1020 
apparent  kilowatts. 

Assuming  that  this  load  is  at  the  maximiun  distance  from  the 
sub-station,  a  single  catenary  construction  and  80-lb.  rails  with 
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a  total  drop  (ohmic  and  inductive)  of  11.7  volts  per  100  am- 
peres per  1000  ft.  will  give  a  momentary  voltage-drop  of 

1020000X11.7X5.28X22       ,_^      ,^ 
2X3300X100-X2 =  ^^^^  ^^^'^ 

or  32  per  cent.,  which  would  be  permissible,  although  it  is  some- 
what beyond  the  usual  working  limit  of  25  per  cent. 

With  the  numerical  constants  determined  for  the  present 
problem,  the  loci  of  equations  (7),  (13),  and  (16)  have  been 
plotted  in  Fig.  1.  These  curves,  within  the  approximations 
previously  noted,  represent  the  annual  charges  on  the  several 
items  of  the  distribution.  It  will  be  seen  that  the  lowest  point 
of  the  curve  of  the  total  charge  corresponds  to  that  number  of 
sub-stations  at  which  the  curve  of  sub-station  charges  (M^s) 
crosses  the  curve  of  charges  on  the  secondary  copper. 

Conclusion.  It  is  readily  appreciated  that  certain  approxima- 
tions in  the  analytical  expressions  that  make  up  the  annual 
charges  on  the  installation  are  of  no  great  practical  consequence. 
The  introduction  of  complicated  expressions  would  not  enhance 
the  accuracy  of  the  actual  result,  since  it  is  rarely  possible  to 
evaluate  s  into  a  whole  ntunber,  to  happen  across  a  commercial 
transformer  of  the  exact  rating  calculated,  or  to  make  the 
theoretical  cross-section  of  the  secondary  copper  conform 
exactly  to  the  commercial  sizes  available  for  trolley  wires  and 
feeders.  The  combined  influence  of  these  considerations  may 
more  than  offset  the  nicety  attained  by  a  more  rigorous  solution. 

The  use  of  the  above  formula  for  determining  the  economic 
location  of  sub-stations  in  single-phase  railways  constitutes  a 
method  which  will  obviate  the  necessity  generally  incumbent 
of  solution  by  trial.  The  solution  for  the  economic  number 
of  sub-stations,  or  the  economic  distance  between  adjacent 
sub-stations,  is  expressed  in  terms  of  those  constants  which 
are  already  available  from  the  previous  technical  and  commercial 
study  of  the  service  requirements.  These  niunerical  constants 
are  evaluated  for  the  particular  problem  at  hand,  and  hence 
establish,  within  the  scope  of  electric  railroading  problems 
defined  at  the  beginning  of  this  paper,  the  generality  of  the 
formula  deduced. 
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Discussion  on  "  The  Determination  of  the  Economic  Loca- 
tion OF  Sub-Stations  in  Electric  Railways."  at  Atlantic 
City,  N.  J.,  July  1,  1908. 

C.  J.  Hopkins:  On  December  15,  1905,  a  paper  was  read 
before  this  Institute  on  the  most  economical  location  of  sub- 
stations for  direct-current  systems.*  Mr.  Werner's  paper  only 
differs  from  that,  as  far  as  I  understand  it,  in  its  particular 
reference  to  single-phase  systems. 

Of  course,  we  are  all  familiar  with  the  form  of  curves  given 
in  Fig.  1.  I  would  not  criticise  the  accuracy  of  the  formulas 
presented  by  Mr.  Werner,  but  I  question  their  general  useful- 
ness. As  simple  as  it  may  sound,  it  appears  to  me  that  the  most 
important  feature  in  working  out  an  electrification  proposi- 
tion is  the  proper  consideration  and  formation  of  a  train  dia- 
gram, to  represent  what  the  service  will  be  when  the  electrifica- 
tion is  completed. 

In  the  last  paragraph  Mr.  Werner  refers  to  the  use  of  his 
formulas  as  obviating  the  necessity  of  solution  by  trial.  This 
seems  to  imply  that  there  might  be  a  large  number  of  solutions 
by  trial  necessary  if  that  were  the  method  resorted  to,  but  in 
general  there  are  only  two  or  three  practical  solutions,  and  as  a 
rule,  they  have  to  be  worked  out  in  detail  and  carefully  consid- 
ered. 

The  specific  purpose  of  this  paper  is  to  develop  an  equation 
for  the  number  of  sub-stations,  but  I  do  not  believe  that  such 
a  determination  is  simplified  by  resorting  to  any  formula  of  a 
general  nature,  but  rather  is  the  result  of  practical  consideration 
and  sound  judgment. 

Gerard  B.  Werner:  The  paper  to  which  Mr.  Hopkins  refers 
was  typical  of  the  method  of  solution  by  trial,  by  evaluating  the 
annual  charges  for  a  different  number  of  sub-stations.  Now 
the  adjustment  of  the  cost  of  sub-stations  and  the  cost  of  cop- 
per, considered  as  an  economical  problem,  is  quite  definite,  and 
my  paper  is  an  attempt  to  develop  some  formula  to  obviate  the 
trial  method. 

The  economic  condition  of  the  secondary  distribution,  whether 
it  can  be  executed  in  the  actual  layout  of  the  road  or  not,  should 
be  determined  as  a  basis  of  reference.  This  consideration  is 
the  primary  intent  of  the  paper,  and  not  the  substitution  of  a 
formula  for  judgment,  for  the  handling  of  engineering  problems 
of  this  character. 

To  the  best  of  my  recollection,  Mr.  Lincoln  made  a  contribu- 
tion to  the  proceedings  of  the  International  Electrical  Congress 
in  St.  Louis  in  1904  on  a  similar  subject,  and  I  have  ro  doubt 
that  he  has  some  comment  to  make  on  this  topic. 

♦  ••Some  Considerations  Determining  the  Location  of  Electric  Railway 
Sub-Stations,"  by  C.  W.  Ricker,  Transactions  A.  I.  E.  E.,  Vol.  XXIV 
p.  1097 
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P.  M.  Lincoln:  I  have  not  much  to  add  to  the  discussion, 
although  I  have  given  this  matter  considerable  thought.  I  am 
rather  inclined  to  agree  with  Mr.  Hopkins  in  his  suggestion,  that 
after  having  worked  over  this  matter  with  a  whole  lot  of  for- 
mulas, the  actual  locating  of  sub-stations  is  not  so  much  a 
matter  of  manipulation  by  formulas  as  it  is  a  matter  of  judgment. 
It  is  safe  to  use  the  location  obtained  by  formulas  only  when 
no  other  location  is  dictated  by  common  sense. 
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CONDUCTOR  RAIL  MEASUREMENTS 

BY  S.  B.  PORTENBAUGH 

General.  The  Underground  Electric  Railways  Company  of 
London,  Ltd.,  control  and  operate  electrically  the  Metropolitan 
District  Railway  and  contingent  lines,  56  miles  of  main-line 
double  track,  and  three  deep  level  **  tube  '*  railways,  with  con- 
nections, aggregating  approximately  28  miles  of  double  track. 
A  detailed  description  of  the  electrification  of  the  system,  by 
the  writer,  appeared  in  the  Street  Railway  Journal  of  March 
4,  1905. 

This  company  installed  a  "  third  **  and  **  fourth  *'  conductor 
rail  on  all  of  the  above  lines,  both  Uie  conductor  rails  being 
of  low  carbon  steel  and  supported  on  brown  stoneware  insula- 
tors. The  insulators  used  in  supporting  the  positive  (outside) 
and  negative  (center)  conductor  rails  are  essentially  of  the  same 
design  on  the  individual  roads,  the  top  of  the  positive  insulator 
being  L5  in.  higher  than  the  negative.  A  malleable-iron  cap 
and  base  is  used  on  the  District  Railway  insulators,  the  diifer- 
ence  in  height  of  the  positive  and  negative  insulator  being  partly 
in  the  depth  of  the  insulation  and  partly  in  the  design  of  the 
base. 

No  base  or  cap  is  used  with  any  of  the  insulators  on  the  Tube 
railways.  The  top  of  the  positive  conductor  rail  is  10  in.  and 
10.5  in.  above  the  top  of  the  sleepers  on  the  District  and  tube 
railways  respectively.  Figs.  1  to  5  inclusive  show  the  type 
of  insulators,  conductor  rails,  spacing,  etc.,  as  installed  on  the 
district  and  tube  railways. 

The  direct-current  track-circuit  signal  system  has  been  in- 
stalled on  these  roads  and  hence  the  desirability  of  not  using 
the  running  rails  as  part  of  the  main  power  circuit. 

1215 
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Leakage  and  Insulation  Measurements 

Metropolitan  District  Railway,  An  extended  series  of  prelim- 
inary measurements  and  tests  were  made  en  the  Hounslow  and 
Putney  section  of  the  District  Railway  eaily  m  1905  with  a 
view  of  trying  to  account  for  the  comparatively  low  insulation 
resistance  of  the  negative  conductor  rail.  These  tests  were 
made  during  the  constructional  period ;  that  is,  before  the  intro- 
duction of  commercial  electric  trains  but  with  the  regular 
steam  trains  in  daily  commercial  service,  and  the  insulation  of 
the  conductor  rails  was  therefore  more  or  less  of  a  variable 
quantity  and  subject  to  the  temporary  changes  and  conditions 
incidental  to  such  work. 

The   positive    (outside)    conductor   rail,   particularly   at   the 


Pig   1  Pig.  2 

Positive  and  negative  insulators — District  Railway 

stations,  was  heavily  coated  with  grease  from  the  steam  trains 
and  this,  together  with  loose  ballast,  dirt,  etc.,  made  it  very 
difficult  and  virtually  impossible  to  maintain  good  insulation 
during  these  tests. 

The  results  of  these  preliminary  measurements  were  very 
erratic,  for  the  reasons  just  given,  and  are  therefore  not  in- 
cluded in  this  paper.  They  plainly  indicated,  however,  the 
existence  of  the  peculiar  j.henomena  observed  on  the  tube  rail- 
ways where  the  conditions  were  much  more  favorable  for  the 
perfectly  definite  and  consistent  observations  given  herewith. 

The  observations  given  in  Table  1  were  made  in  January, 
1906,  and  show  the  variation  in  potential  between  conductor 
rails  and  earth  from  day  to  day.  These  measurements  were 
made  on  the  main  line  of  the  District  Railway  at  Earls  Court, 
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the  electric  trains  having  been  in  commercial  service  since 
July  1,  1905. 

All  sections  of  the  road  are  tied  together  and  cross-bonded 
through  the  sub-station  bus-bars  under  normal  operating  con- 
ditions, and  these  results  are  therefore  representative  of  the 
conditions  existing  over  the  entire  District  Railway  system, 
collectively  considered.  The  continuously  bonded  running  rail 
was  used  as  the  earth  connection  for  these  measurements. 

Table  I. — Line  Voltage  680 


Volts  between 

earth  and 

Date— 1906 

Time 

Positive  Negative 

Remarks 

Jan.    8 

2.15  p.m. 

630            60 

Ground  very  damp. 

"      8 

4.35     " 

612            68 

«                           M                         M 

"       9 

4.50     - 

600            80 

Ground  very  wet. 

"     10 

10.00  a.m. 

629            51 

Fine. 

-     10 

6.30  p.m. 

612            68 

Fine  and  dry. 

-     12 

11.00  a.m. 

610            70 

Fine,  groimd  damp. 

"     12 

6.50  p.m. 

612            68 

M                            tf                             « 

"     13 

11.00  a.m. 

490            90 

Ground  very  wet. 

"     15 

12.30  p.m. 

640             40 

Very  fine. 

"     15 

6.00     " 

520             60 

Very  fine  and  dry. 

-     16 

5.00     " 

612             68 

Showery. 

-     18 

12.45     - 

478           102 

Very  wet. 

-     22 

5.00     " 

620            60 

Fine. 

-    23 

6.00     - 

632            48 

Fine,  frosty. 

Baker  Street  and  Waterloo  Raihvay.  The  tests  on  this  railway 
like  those  on  the  District  Railway,  were  made  about  the  end 
of  the  constructional  period  and  were  therefore  subject,  but  in 
a  much  lesser  degree,  to  the  possibility  of  the  same  general 
disturbances. 

The  insulators  were  of  brown  stoneware  with  a  good  glaze, 
free  from  grease,  and  reasonably  clean,  with  the  exception  of 
the  usual  dust  from  the  small  granite  ballast  and  construction 
work.  A  rectangular  section  of  conductor  rail  is  used  on  this 
line,  there  being  no  intervening  metal  cap  or  support  between 
the  rails  and  insulators.  These  measurements  were  not  subject 
to  the  usual  outdoor  variation  of  London  weather  and  tem- 
perature, the  section  of  track  on  which  the  measurements  were 
made  being  entirely  below  the  surface  and  far  enough  removed 
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from  the  tunnel  entrance  so  as  to  be,  at  the  most,  only  pos- 
sibly indirectly  affected: 

Up-road,  January  2  to  4,  1906.  The  following  measurements 
were  made  on  th^  **  up-road,"  between  the  cable  passageway 
beneath  the  London  Road  sub-station  and  the  far  end  of  Baker 
street  station  platform,  a  distance  of  18,317  ft.  or  3.47  miles. 
All  measurements  were  made  from  the  London  Road  sub- 
station. 


^E 


"i(S^  ■<-'^-: 


o    ^Z 


u-^'TvstM: 


100  lb:    rail DISTRICT    RAILWAY 


85LB:  RAIL -^  TUBE     RAILWAYS- 

Fig.  3 — Bonding  and  ^pports  for  conductor  rails 

Polarity. of  conductor  rails,  normal. 

Between  positive  (outer)  and  negative 570  volts 

and  earth 510     " 

**         negative  and  earth 60     " 

Leakage,  positive  to  negative 0.5  amperes 

Leakage  current  per  mile  of  single  track 0. 144     " 

Leakage,  positive  earthed 5.0         " 

"         negative  earthed. 0.57       " 

Current  was  on  from  2  to  5.30  p.m.  on  January  1,  and  from 
7  to  10  a.m.  January  2;  that  is,  2.5  hours  on  the  preceding 
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afternoon  and  for  3  hours  continuously  and  immediately  pre- 
ceding the  above  measurements.  The  insulators  were  supposed 
to  have  been  cleaned  prior  to  above  measurements.  Current 
had  also  been  on  these  rails  on  several  previous  occasions  for 
testing  purposes  and  the  running  of  trains. 

Polarity  of  conductor  rails,  reversed.  The  polarity  of  the  con- 
ductor rails  was  reversed  immediately  after  the  preceding 
readings  and  the  pressure  applied  continuously  for  48  hours, 
all  other  conditions  remaining  the  same.  Readings  were  taken 
regularly  between  the  outer  rail  (now  negative  polarity)  and 
earth,  the  results  being  shown  on  Fig.  6. 

At  the  end  of  the  48  hours  the  following  readings  were  taken: 

Between  positive  (centre)  and  negative 570  volts 

and  earth 455     " 

"         negative  and  earth 115     " 

Leakage,  positive  to  negative 0.5  amperes 

Leakage  current  per  mile  of  single  tracl: 0. 144     " 

Leakage,  positive  earthed 2.8         " 

"         negative  earthed 0.7         " 


Fig.  i) — Cross-section  of  single  track,  District  Railway 

These  results  show  that  the  potential  between  the  outer  rail 
and  earth  was  reduced  from  510  (positive  to  earth)  to  104 
volts  (negative  to  earth)  in  24  hours.  Some  local  disturbance 
then  caused  a  sudden  rise  to  about  118  volts,  after  which  it 
again  slowly  but  steadily  fell  to  115  volts  at  the  end  of  48  hours. 
During  the  first  half-hour  immediately  following  the  reversal, 
the  leakage  current  increased  steadily  from  0.5  to  1.27  am- 
peres and  then  gradually  became  less.  It  reached  the  normal 
value  of  0.5  of  an  ampere  on  or  before  the  end  of  the  48  hours. 
The  low-reading  ammeter  was  damaged  by  a  temporary  short- 
circuit  about  the  end  of  the  first  hour  and  was  therefore  not 
immediately  available  for  current  measurements. 

Polarity  of  conductor  rails,  normal.  The  polarity  of  the  con- 
ductor rails  was  again  made  normal — immediately  after  the 
48-hour  run  with  the  polarity  reversed — the  increase  in  leakage 
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current  and  the  variation  in  potential  between  the  outer  rail 
and  earth  for  the  first  two  hours  being  also  shown  in  Fig.  6. 

These  latter  measurements  unfortunately  could  not  be  con- 
tinued any  longer  as  the  road  was  needed  for  the  running  of 
trains. 

The  leakage  current  rose  rapidly  immediately  following  the 
change  from  reversed  to  normal  polarity,  the  maximum  value 
of  1.92  amperes  being  reached  in  about  35  minutes. 

"  Up  "  road,  January  16,  1906.  The  conductor  rails  were 
alive  an  average  of  about  nine  hours  per  day,  normal  polarity, 
from  January  4  to  16  inclusive  for  running  trains  a  total  of 
117  hours  between  the  readings  on  January  4  and  the  following 
readings  on  January  16,  1906. 

Polarity  of  conductor  rails,  normaL 

Between  positive  (outer)  and  negative 565  volts 

and  earth 530      " 

"        negative  and  earth 35     ** 

Leakage,  positive  to  ne2:ative 0.32  amperes 

Leakage  current  per  mile  of  sir2:le  track 0.092     " 

Leakage,  positive  earthed 5 .  70       " 

"         negative  earthed 0.35       " 

**  Up  "  road,  January  19  to  22.  1906.  The  following  measure- 
ments show  the  effects  of  reversing  the  polarity  of  the  con- 
ductor rails,  the  rails  having  been  alive  about  24  hours,  normal 
polarity,  for  running  trains  between  the  tests  of  January  16 
and  19.  The  rails  were  alive  continuously  for  43.5  hours  be- 
tween the  readings  of  January  19  and  21  with  the  polarity  re- 
versed; that  is,  outer  rail  negative — and  for  21  hours,  normal 
polarity,  between  the  readings  of  January  21  and  22.  Fig.  7 
gives  full  details  of  these  tests  and  Fig.  6  the  details  of  similar 
tests  on  the  same  road  and  under  practically  the  same  con- 
ditions. All  the  **  Up  '*  road  measurements  were  made  from 
the  London  Road  sub-station. 


General  exhibit 

Date  of  tests — 
Jan.  19    Jan.  21 

1906 
Jan.  22 

Between  positive  and  negative,  volts 

67.1 

575 

573 

Between  outer  rail  and  earth,  volts 

531 

112 

530 

Between  centre  rail  and  earth,  volts 

44 

463 

45 

Leakage,  positive  to  negative,  amperes 

0.29 

0.35 

0.3 

Amperes  leakage  per  mile  single  track 

0.084 

0.101 

0.087 

Leakage,  outer  rail  earthed,  amperes 

4.3 

Leakage,  centre  rail  earthed,  amperes 

0.3 

Annrnximatp  Hisfjinop.  tnilft*? 

O        4"^ 

3.47 

3  47 
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"  Down  "  road,  January  19  to  22  and  February  12,  1906.  The 
initial  measurements  for  this  road  were  made  on  January  19, 
1906.  The  rails  were  alive  continuously  for  about  8  hours 
previously  to  the  initial  measurements  and  for  17  hours,  normal 
polarity,  between  the  measurements  on  Januaiy  19  and  20. 
The  normal  polarity  was  reversed  immediately  after  the  read- 
ings on  January  20  for  30  hours  and  again  made  normal  for  15 
hours,  a  total  of  45  hours  between  the  readings  of  January  20 
and  22. 

A  temporary  but  effective  "  earth  '*  mysteriously  appeared 
on  the  outer  rail  about  six  hours  after  the  reversal  on  January 
20,  this  condition  of  affairs  being  maintained  continuously  for 
about  28  hours,  four  hours  after  the  polarity  was  again  made 
normal  on  January  21.  The  effect  of  this  earth  on  the  leakage 
current,  together  with  the  other  details  of  this  test,  is  shown 
in  Fig.  8.  The  rails  were  alive  daily,  normal  polarity,  for  the 
running  of  trains  between  the  readings  of  January  22  and  Feb- 
Tus^Tv  12,  a  total  of  about  260  hours  between  these  readings. 
The  readings  for  the  '*  down  "  road,  made  at  the  Baker  Street 
sub-station,  are  as  follows: 


General  Exhibit 

Date  of  tests— 1906 
Jan.  19  Jan.  20  Jan.  22    Feb.  12 

Between  positive  and  negative,  volts. . 

575 

575 

675 

575 

Between  outer  rail  and  earth,  volts. .  . 

520 

525 

515 

499 

Between  centre  rail  and  earth,  volts. . . 

55 

50 

60 

76 

Leakage,  positive  to  negative,  amperes 

0.68 

0.58 

0.55 

0.2 

Amperes  leakage  per  mile  single  track. 

0.196 

0.167 

0.158 

0.058 

Leakage,  outer  rail  earthed,  amperes. . 

6.75 

3.0 

Leakage,  centre  rail  earthed,  amperes . 

0.74 

0.62 

0.25 

AoDTOximate  distance,  miles 

3.47 

3.47 

3.47 

3  47 

The  following  observations,  Table  II,  show  the  variations  in 
potential  between  the  positive  conductor  rail  and  earth — both 
roads — from  day  to  day  as  well  as  the  variation  between  the 
time  of  switching  **  on  "  and  *'  off  "  on  the  same  day.  All 
measurements  made  by  the  sub-station  attendant!^  at  the  Lon- 
don Road  sub-station,  normal  polarity. 

Discussion  of  Results 
The  following  results  are  corroborated  by  many  other  measure- 
ments made  during  the  years  of  1903-1907,  all  of  which  plainly 
and  unmistakably  show  the  existence  of  the  phenomena  sub* 
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stantially  as  illustrated  in  Figs.  6, 7  and  8.  There  has  been  consid- 
erable study  and  investigation  as  to  what  actually  takes  place 
at  the  tune  of  reversal,  the  general  concensus  of  opinion  being 
that  it  is  an  ordinary  case  of  electrolytic  action  combined  with 
ordinary  insulation  resistance  conductivity.  These  restdts  seem 
to  depend  upon  one  form  of  phenomenon  which  has  long  been 

Table  II. — Line  Voltage  575 


Time 

Hours 
rails 
alive 

to-day 

Volts  between 
positive  and  earth 

Date--1906 

Up. 
road 

Down- 
road 

Jan.  24 

7.00  p.m. 
10.30  a.m. 

8.00  p.m. 
10.00  a.m. 

7.30  p.m. 
10.00  a.m. 

3.30  p.m. 
10.00  a.m. 

7.00  p.m. 
10.00  a.m. 

8.30  p.m. 

8.00  a.m. 

8.30  p.m. 

9.00  a.m. 

7.30  p.m. 

8.30  a.m. 

7.30  p.m. 

8.00  a.m. 

4.30  p.m. 

9.00  a.m. 

8.00  p.m. 

9.00  a.m. 

9.00  p.m. 

9.30  a.m. 

5.30  p.m. 

19 

9.5 

9.5 

5.5 

9.0 

10.5 

12.5 

10.5 

11.0 

8.5 
15 
20 

12 

14.5 
17.5 

525 
500 
640 
500 
540 
510 
535 
465 
560 
530 
565 
522 
530 
490 
540 
498 
500 
484 

463 
493 
505 
505 
486 
520 

512 

"     25 

510 

"     25 

512 

"     26 

495 

"     26 

506 

"     27 

445 

"     27 

503 

"     29 

410 

"     29 

675 

"     30 

452 

"     30 

510 

"     31 

462 

"     31 

480 

Feb.     1 

430 

1 

495 

2 

452 

2 

465 

3 

444 

3 

4 

440 

5 

469 

7 

480 

7 

495 

9 

444 

-     10 

492 

known  in  connection  with  static  charges;  namely,  that  a  nega- 
tively charged  conductor  leaks  away  its  charge  with  much  greater 
facility  than  does  a  positive;  or  virtually  that  under  the  same 
conditions  a  positively  electrified  conductor  is  better  insulated. 
A  negatively  electrified  conductor  appears  to  be  continuously 
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discharging  negative  ions,  which  have  the  effect  of  conferring 
conductivity  on  the  surrounding  gas  and  of  causing  deposition 
of  moisture  from  air  more  or  less  saturated.  It  is  perfectly  con- 
ceivable, therefore,  that  this  negative  discharge  should  favor 
the  depositing  of  moisture  between  the  surfaces  of  insulators 
progressively  in  such  a  manner  that  a  slight  conductivity  might 
be  conferred  upon  the  insulator  surfaces  and  that  this  effect 
might  be  expected  to  be  absent  with  the  positive  side  of  the 
system.  The  film  of  liquid  existing  between  the  electrodes  on 
a  glass  surface  will  gradually  move  from  the  positive  to  the  nega- 
tive electrode,  and  the  negative  insulators  may  therefore  lose 
their  insulating  properties  by  having  moisture  drawn  upon 
them,  an  action  which  does  not  take  place  on  the  positive  side. 

The  reducing  or  chemical  action  of  the  ions  liberated  at  the 
positive  rail  insulator  may  result  in  the  formation  of  compounds 
which  lower  the  resistance  of  the  negative  insulator,  while  the 
oxidation  which  takes  place  at  the  positive  insulator  may  im- 
prove the  insulation. 

Conclusions.  These  results,  whatever  the  immediate  cause 
or  the  reason,  have  clearly  demonstrated  certain  facts  which  are 
probably  applicable  to  all  similar  installations  and  may  be 
briefly  summarized  as  follows: 

1.  That  the  difference  of  potential  between  the  positive 
conductor  and  earth  is  always  normally  considerably  greater 
than  the  potential  existing  between  the  negative  conductor  and 
earth. 

2.  That  this  difference  between  the  positive  and  negative 
insulation  becomes  more  marked  the  longer  the  conductors  are 
subjected  continuously  to  a  difference  of  potential  in  the  same 
direction. 

3.  That  a  reversal  of  the  polarity  is  always  instantly  accom- 
panied by  a  considerable  increase  in  the  normal  leakage  current 
between  the  positive  and  negative  conductor. 

4.  The  above  phenomena  can  be  repeated  indefinitely  and 
are  independent  of  the  length  of  time  that  the  pressure  has  been 
previously  applied  to  the  conductors  in  either  direction. 

5.  That  the  insulation  of  the  negative  conductor  to  earth 
can  not  be  proportionately  maintained. 

Resistance  of  conductor  rails.  The  resistance  measurements 
given  in  Table  III  show  about  what  may  be  expected  commercially 
with  a  soft  conductor  rail  containing  an  unusually  small  amount 
of  manganese  and  carbon.    The  resistance  of  these  rails  was 
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about  6.4  times  that  of  an  equivalent  area  of  copper  and  the 
chemical  composition  substantially  as  follows : 

Carbon 0.05 

Manganese 0. 19 

Sulphur 0.06 

Phosphorus 0. 05 

Silicon 0.03 

It  is  interesting  to  note  that  the  cost  of  this  special  con- 
ductor rail  was  no  more  than  the  standard  track  rail. 


Table  III.- 

— Resistance  Measurements 

Section  of  railway 

General  exhibit 

Hounslow 

Putney 

Wimbledon 

B.  St.  &  W. 

General  Data: 

Date  of  measurements 

6/9/06 

6/27/06 

5/27/05 

12/30/06 

Net  length  measured,  feet. . 

88.300 

37,700 

63.500 

36.600 

Weight  of  rail  per  yd.,  lb. . . 

100 

100 

100 

85 

Area  of  rail,  sq.  in 

9.86 

9.86 

9.86 

8.3 

Temp,  of  rails,  deg.  cent. . . 

25 

25 

25 

11.6 

No.  of  switchboard  contacts 

0 

4 

4 

2 

No.  of  terminal  post  con- 

tacts  

20 
20 

20 
24 

32 

44 

6 

No.  of  rail  contacts 

36 

No.  of  bonds  per  joint 

4 

4 

4 

4 

Total  no.  of  bonded  joints . 

2,107 

834 

1,160 

1,096 

Area  bonds  per  joint,  sq.  in. 

1.57 

1.57 

1.57 

1.33 

Contact  area  per  joint,  sq. 

in 

9.4 

9.4 

9.4 

12.66 

Measurements, 

A,  Total  resistance 

0.65309 

0.24405 

0.36412 

0.24088 

B,  Total  resistance 

0.54856 

0.22992 

0.35013 

0.23363 

A,  Res.  per  1000  ft.  of  rail— 

ohms 

0.006264 

0.006473 

0.006800 

0 . 006681 

B,  Res.  per  1000  ft.  of  rail- 

ohms 

0.006213 
0.033070 

0.006099 
0.034180 

0.006544 
0.035936 

0 . 006381 

A.  Res.  per  mile-ohm 

0.03476 

B,  Res.  per  mile-ohm 

0.032805 

0.032203 

0.034552 

0.03369 

A,  Equiv.  cu.  area,  sq.  in .  . 

1.328 

1.285 

1.222 

1.2 

B,  Equiv.  cu.  area,  sq.  in .  , 

1.339 

1.364 

1.271 

1.236 

A,  Rel.  resistance,  cu.  at  1 . 

7.42 

7.67 

8.07 

8.92 

B,  Rel.  resistance,  cu.  at  1 . 

7.36 

7.22 

7.75 

6.72 

B,  Contact  res.  per  jt.,  ohm. 

0.0000341 

0.0000316 

0.0000528 

0.00001044 

B,  Contact  res.  per  bond. . . 

terminal,  ohm 

0.0000681 

0.0000632 

0.0001056 

0.00002088 
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A  includes  the  resistance  of  all  feeder,  track  and  jumper  cables  and  the 
terminal  post,  rail  and  switchboard  contact  resistance;  that  is,  the  re- 
sistance of  the  bonded  conductor  rails,  cables  and  contacts  as  installed 
and  ready  for  commercial  service. 

B  same  as  "  A  "  less  the  calculated  resistance  of  all  feeder,  track  and 
jumper  cables;  that  is,  includes  the  resistance  of  the  bonded  conductor 
rails  and  auxiliary  contacts. 

Remarks.  All  calculated  resistances  are  based  on  the  temperature  at 
which  the  measurements  were  made. 
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THE  GENERAL  EQUATIONS  OF  THE  ELECTRIC 
CIRCUIT 


BY   CHARLES   P.   STEIN  IIBTZ 


Introduction.  The  following  investigation  of  the  general 
equations  of  the  electric  circuit  was  carried  out  during  the  last 
year,  and  necessarily  is  still  very  incomplete,  and  in  some 
instances  may  require  modification.  As,  however,  our  incom- 
plete knowledge  of  the  phenomena  resulting  from  the  stored 
energy  of  the  electric  field  is  at  present  the  main  hindrance  to  a 
practically  unlimited  extension  of  high  potential  transmission 
and  distribution,  the  study  of  these  phenomena  represents  the 
most  important  problem  of  electrical  engineering,  and  the 
following  outline  is  given  in  the  hope  of  inducing  other  investi- 
gators to  take  up  and  continue  the  study  of  the  subject. 

As  in  all  theoretical  investigations,  the  most  important  part 
is  the  practical  interpretation  of  the  mathematical  equations. 
Some  such  interpretations  have  been  attempted  throughout  the 
following  and  may  be  read  even  without  following  the  equations 
from  which  they  are  derived. 

This  paper  represents  an  attempt  to  investigate  mathemati- 
cally the  phenomena  which  may  occur  in  the  most  general  case 
of  an  electric  circuit. 

The  general  equations  of  the  electric  circuit,  i.e.,  equations 
which  represent  current  and  voltage  in  any  circuit  or  circuit 
section  irrespective  of  the  character  of  power,  voltage  etc., 
can  be  derived  under  the  condition  that  the  constants  of  the 
electric  circuit :  resistance,  inductance,  conductance,  and  capacity 
are  constant. 

These  equations  are  given  by  a  sum  of  terms  or  groups  con- 
taining trigonometrical  and  exponential  ftmctions  of  time  and 
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distance,  and  the  differences  between  all  the  phenomena  which 
may  occur  in  electric  circuits  merely  result  from  different 
numerical  values  of  the  integration  constants  of  this  general 
equation. 

Each  group  or  term  comprises  four  waves  of  the  same  fre- 
quency— two  propagate  in  the  one,  the  other  two  in  the  opposite 
direction — and  can  be  considered  as  comprising  two  component 
waves,  each  consisting  of  a  wave  and  its  reflected  wave,  or  re- 
turn wave. 

One  of  the  component  waves  increases  in  the  direction  of 
propagation,  the  other  decreases.  The  former,  however,  de- 
creases with  the  time  more  rapidly  than  the  latter. 

A  standing  wave  is  a  wave  in  which  the  component  waves 
coincide.  A  standing  wave  has  the  same  intensity  throughout 
the  circuit.  It  starts  at  maximum  value  and  dies  out  with 
the  time  at  a  rate  corresponding  to  the  dissipation  of  enei;gy  in 
the  circuit,  as  given  by  the  time  constant  of  the  circuit. 

The  general  wave,  comprising  two  component  waves  (each 
consisting  of  main  wave  and  return  wave),  gradually  builds  up 
to  a  maximum  and  then  dies  out  again.  One  of  the  component 
waves  dies  out  slower,  the  other  faster  than  corresponds  to  the 
energy  dissipation  in  the  circuit,  and  the  former  decreases 
while  the  latter  increases  with  the  distance. 

A  free  oscillation  of  a  circuit  is  a  wave  in  which  no  energy  is 
supplied  to  or  abstracted  from  the  circuit. 

The  free  oscillation  of  a  uniform  circuit  is  a  standing  wave, 
but  a  standing  wave  is  not  necessarily  a  free  oscillation. 

The  electric  wave  in  a  uniform  circuit  is  oscillatory  in  time 
if  its  frequency  is  high  and  the  circuit  of  moderate  length. 
With  very  low  frequency  or  extreme  length,  as  in  submarine 
cables,  or  long  distance  telephone  lines,  waves  may  occur  which 
are  not  oscillatory,  but  logarithmic. 

In  overhead  transmission  lines  and  underground  cable  sys- 
tems all  phenomena  which  may  result  in  excessive  voltages  or 
currents  are  oscillatory  in  nature. 

In  a  traveling  wave  each  component  wave  traverses  the  cir- 
cuit at  constant  velocity  and  wave  shape,  and  an  amplitude 
which  decreases  with  the  distance  traveled,  but  at  any  point 
rises  from  zero  to  a  maximum,  and  then  gradually  decreases 
again  to  zero.  It  is  not  a  free  oscillation,  but  energy  is  trans- 
ferred along  the  circuit  by  it. 

The  phenomena  of  alternating  currents  are  those  of  a  general 
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wave  in  which  the  time  decrement  of  the  first  component  wave 
vanishes,  that  is,  the  energy  transfer  constant  /  equals  the  time 
constant  w. 

In  a  complex  circuit,  that  is,  circuit  containing  a  number  of 
sections  of  different  constants,  the  same  general  equation  can 
be  extended  throughout  the  entire  circuit  and  across  the  transi- 
tion points  between  different  sections  of  the  circuit  of  different 
constants,  by  using  as  distance  variable  the  velocity  of  propaga- 
tion of  the  wave  in  each  section  of  the  circuit. 

The  free  oscillation  of  a  compliex  circuit  is  not  a  standing  wave, 
and  the  equations  of  the  standing  wave  do  not  apply  to  it, 
but  is  a  general  wave  in  which  the  intensity  of  the  wave  in- 
creases or  decreases  with  the  distance  in  each  section,  and 
energy  transfer  occurs  between  the  different  sections  of  the 
circuit. 

The  free  oscillation  of  a  complex  circuit  dies  out  at  a  rate 
given  by  the  mean  time  decrement,  or  mean  time  constant  of 
the  entire  circuit. 

Those  sections  having  an  individual  time  constant  greater 
than  the  mean  time  constant  of  the  entire  circuit  receive  energy 
from  the  adjoining  sections,  while  those  sections  having  an  in- 
dividual time  constant  less  than  the  mean  time  constant  of 
the  entire  circuit  supply  energy  to  the  rest  of  the  circuit  during 
a  free  oscillation. 

During. a  free  oscillation  of  a  complex  circuit  each  section  of 
the  circuit  does  not  perform  a  free  oscillation. 

In  a  section  of  high  enei^  dissipation,  as  a  transmission  line, 
the  oscillation  may  last  very  much  longer,  and  be  of  lower  fre- 
quency, if  this  section  is  a  part  of  a  complex  oscillating  circtiit, 
than  if  the  section  oscillates  alone. 

In  the  free  oscillation  of  a  complex  circuit  the  entire  length 
of  the  circuit,  when  expressed  in  velocity  measure,  represents 
a  complete  wave,  or  a  half  wave,  or  a  quarter  wave,  or  a  multiple 
thereof. 

In  the  free  oscillation  of  a  complex  circuit  the  energy  of  the 
electric  field  of  each  section  divides  between  the  enei^  dissi- 
pated in  the  section  and  the  energy  transferred  to  other  sections 
(or  received)  in  a  proportion  depending  upon  the  circuit  con- 
stants. 

At  a  transition  point  between  sections  of  a  complex  circuit, 
the  general  equations  remain  the  same  when  expressed  with  the 
propagation  velocity  as  distance  unit,  but  the  numerical  values 
of  the  intejSfration  constants  chanj^e. 
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At  a  transition  point  between  sections  of  a  complex  circuit 
transformation  of  current  and  voltage,  reflection  and  refraction 
occurs. 

A  single  wave  at  a  transition  point  is  partly  reflected,  partly 
transmitted,  but  without  change  of  phase  angle,  that  is,  the 
reflected  and  the  transmitted  wave  have  at  the  transition  point 
the  same  phase  angle  as  the  incident  wave. 

A  single  wave  at  a  transition  point  divides  between  trans- 
mitted and  reflected  wave  in  a  proportion  depending  upon  the 
circuit  constants. 

The  greater  the  change  of  constants  at  the  transition  point, 
the  greater  is  the  reflected  and  less  the  transmitted  wave. 

In  a  general  wave,  at  a  transition  point,  a  transformation  of 
current  and  voltage  occurs  by  a  ratio  proportional  to  the  circuit 


constant 


#■ 


When  traversing  a  transition  point  a  refraction  occurs,  so 
that  the  ratio  of  the  tangents  of  the  distance  phase  angle  of  the 
wave  at  the  two  sides  of  the  transition  point  is  constant  and 
equal  to  the  voltage  transformation  ratio. 

I.  Derivation  of  General  Equations 

1.  The  energy  relations  of  an  electric  circuit  are  charac- 
terized by  the  four  constants: 

r  =  effective   resistance,   representing  the   power  consump- 
tion depending  upon  the  current,  t'  r,  or  the  energy  voltage, ir, 
consumed  in  the  circuit. 
L  =  effective   inductance,    representing   the   energy   storage 

i?  L 
depending  upon  the  current,  — ?,— ,    as    electromagnetic    com- 
ponent, iL,  of  the  electric  field;  or  the  voltage  induced  by  a 
change  of  the  current ,  L  —jt-- 

g  =  effective  shunted  conductance,  representing  the  power 
consumption  depending  upon  the  voltage,  ^g,  or  the  energy 
current,  eg,  consumed  in  the  circuit. 

C  =  effective  capacity,  representing  the  energy  storage  de- 

pending  upon  the  voltage,  ,  as  electrostatic  component,  eC, 
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of  the  electric  field,  or  the  current  consumed  by  a  change  of  the 
voltage,  C-j^. 

As  every  circuit  element  consumes  and  stores  energy,  and  so 
contains  all  four  circuit  constants,  the  assumption  usually  made 
in  the  investigation  of  electric  circuits,  that  these  four  constants 
^f  L,  g,  (7,  are  localized,  is  permissible  only  in  cases  dealing  with 
the  usual  phenomena  of  direct  and  of  alternating  currents, 
but  fails  when  dealing  with  the  transient  phenomena  resulting 
from  the  readjustment  of  the  circuit  to  changes  of  circuit  con- 
ditions, to  external  influences  such  as  lightning,  or  when  in- 
vestigacting  high  frequency  phenomena,  voltage  and  current 
distribution  in  long  distance  high  potential  circuits,  cables, 
telephone  lines,  etc.,  and  r,  L,  g,  C,  must  then  be  treated  as 
distributed  throughout  the  circtiit. 

As  r,  L,  g,  C,  are  denoted  the  effective  resistance,  inductance, 
conductance,  and  capacity,  per  unit  length  of  circtiit,  choosing 
as  unit  of  length  of  the  circuit  whatever  may  be  suitable,  a 
centimeter  in  the  high  frequency  oscillation  over  the  multigap 
lightning-arrester  circuit,  or  a  mile  in  a  long  distance  trans- 
mission circuit,  or  high  potential  cable. 

In  the  most  general  case  of  an  electric  circuit  or  circuit  sec- 
tion, it  is  possible  to  derive  from  the  constants  of  the  circuit, 
r,  L,  g,  C,  and  without  any  assumption  whatever  regarding  cur- 
rent, voltage,  etc.,  general  equations  of  the  electric  circuit,  and 
some  results  and  conclusions  from  such  equations,  which  are 
based  on  the  single  assumption,  that  the  constants  r,  L,  g,  C, 
remain  constant  with  the  time,  t,  and  distance,  u;  i.e.,  are  the 
same  for  every  unit  length  of  the  circuit  or  section  of  the  circuit 
to  which  the  equations  apply.  Where  the  circuit  constants 
change,  as  where  another  circuit  joins  it,  the  integration  con- 
stants in  the  equations  also  change  correspondingly. 

Special  cases  of  these  general  equations  then  are  all  the 
phenomena  of  direct  currents,  alternating  currents,  discharges 
of  reactive  coils,  high  frequency  oscillations,  traveling  waves, 
etc.,  and  the  differences  between  these  different  circuity  are  due 
merely  to  different  values  of  the  integration  constants. 

2.  In  a  circuit,  or  a  section  of  a  circuit,  containing  distributed 
resistance,  inductance,  conductance,  and  capacity,  as  a  trans- 
mission line,  cable,  high  potential  coil  of  transformer,  telephone 
or  telegraph  circuit,  etc.,  let: 
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r  =-  effective  resistance,  per  unit  length  of  circuit. 

L  =  effective  inductance,  per  unit  length  of  circuit. 

g  =  effective  shunted  conductance,  per  unit  length  of  circuit. 

C  =  effective  capacity,  per  unit  length  of  circuit. 

Let  the  time  be  denoted  by  t,  and  the  distance  from  some 
starting  point  by  u. 

Let  e  =  voltage,  and  i  =  current,  at  any  point  u  and  at  any 
time  t, 

e  and  i  are  functions  of  time  t  and  distance  u. 

For  any  element  du  ol  the  circuit,  the  differential  equations 
then  apply: 

de  .     J,    di  ,.. 

-J — =ri+L--TT-  (1) 

du  d  t  ^ 


d.i  ,  jr.  de  ,^. 

Differentiating  (1)  after  /,  and  (2)  after  «,  and  substituting  (I) 
into  (2),  gives: 

7^  =  rgt  +  (rC  +  gL)  -j^+LC-^  (3) 


and  in  the  same  manner: 

T^  =  Tge^irC^-gL)  ^-^^LC^j^  (4) 

These  differential  equations,  of  second  order,  of  current  i 
and  voltage  e,  are  identical.     That  is: 

.  In  an  electric  circuit,  current  and  electromotive  force  are 
represented  by  the  same  equations,  differing  by  the  integration 
constants  only,  which  are  derived  from  the  terminal  conditions 
of  the  problem. 

Equation  (3)  is  integrated  by  terms  of  the  form: 

i  =  A  £-«'«-^'  (5) 

Substituting  (5)  in  (3)  gives  the  identity: 
v^  =  Tg^{rC^gL)s^LCs^ 

-  {^sL-'r){sC-'g)  (6) 
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In  the  terms  of  the  form  (5),  the  relation  (6)  must  exist  be- 
tween the  coefficients  of  u  and  /. 
Substituting  (6)  into  (1)  gives: 

^  =  (r  -  5  L)  A  €-''«-''  (7) 


and,  integrated: 


du 


=  i^/lc-—  (8) 


In  their  most  general  form,  the  Equations  of  the  Electric  Cir- 
cutt  are: 

i     =2»M««-«"-V}  (9) 

Vn»-    {SnL--r){SnC^g)   =0  (11) 

where  An,  v„,  and  s^,  are  integration  constants,  the  latter  two 
being  related  to  each  other  by  the  equation  (11). 

3.  These  pairs  of  integration  constants:  i4„,  v^  and  s^,  are 
determinated  by  the  terminal  conditions  of  the  problem,  as  the 
current  and  voltage  at  fixed  points  of  the  circuit  as  function 
of  time,  or  the  distribution  of  current  and  voltage  at  a  fixed 
time  as  function  of  the  distance,  etc. 

While  i  and  e  must  always  be  real  quantities;  Vn  and  Sn  as 
exponents  may  be  complex  quantities,  and  in  this  case,  the  inte 
gration   constants,  An,  are   such  complex   quantities,   that  by 
combining  the  different  exponential  terms  of  the  same  index  n, 

s   L  —  r 
the  imaginary  terms  in  i4n  and  -^^— An  cancel. 

Denoting,  in  the  exponential  function: 

Q—VU—St 

v  =  h+ik  (12) 

s  =  P+iq 
it{ 
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and  the  latter  term  resolves  into  trigonometric  functions  of  the 
angle: 

ku-\-qt 

ku+qt  =  constant  (13) 

so  gives  the  relation  between  u  and  t  for  constant  phase  of  the 
oscillation  or  alternation  of  the  current  or  voltage. 

With  change  of  time  i,  the  phase  changes  in  position  u, 
in.  the  circuit,  i.e.,  moves  along  the  circuit,  and  the  velocity  of 
this  motion  is  given  by  differentiating  (13)  after  t  as 

V  =  ^  =  -^       •  (14) 


that  is: 


^  =  -T    .  (i^> 


is  the  velocity  of  propagation  of  the  electric  phenomena  in  tlie 
circuit. 

(If  no  energy  losses  occur,  r  =  0,  g  =  0,  in  a  straight  con- 
ductor in  a  medium  of  unit  magnetic  and  dielectric  constant, 
that  is,  tmit  permeability  and  unit  inductive  capacity;  V  is  the 
velocity  of  light.) 

4.  Since  (11)  is  a  quadratic  equation,  several  pairs  or  corre- 
sponding values  of  v  and  s  exist,  which  correspond  to  the  same 
equation  (11),  and  can  be  combined  with  each  other  into  a 
group. 

Such  a  group  of  terms,  of  the  same  index  n  is  defined  by  the 
equation  (11): 

v'^  isL^-r)  isC-g)  (16) 

and  substituting: 

^^  =  ^1  vTC  (17) 

and  also: 

V   =  fc  +/fe 

V,  =  h,+jk,  (18) 
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it  is,  substituting  (18)  in  (16) : 

(*. +/  *,)»  -  [(/>+/  q)  -  -^]   [w+i  q)  -  -f  ] 

resolved,  and  substituting: 

P    =■  f  +  W 


1239 


(19) 


(20) 


gives: 


and: 


hence: 


or: 


Ai  *i  =  /  9 

/  9  =  *i  *i 

ft  -  VTCV^  ^Ri+fi-tf-m*\ 
*  =  vTC  Vi  {/?,»- f  +  ^+w'i 
E,,  , fc»  +  ife' 


(21) 

(22) 
(23) 

(24) 
(25) 


(26) 


(27) 


9  "  Vrr^*  |/?,»-/«'  +  Ar»-LCm»| 
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This  gives  eight  pairs  of  corresponding  values  of  v  and  s: 
1.  v  «  -f  A-f;*  s  =  w-f-jq 

'^  —  f+jq 

s  =  w-f-jq 

w  —  f+jq 
s  ^  w  i-f  —  j  q 

VI  +/  -hj  q 
s  ^  w  -\-f  —  jq 


2.  v^'-h-jk 

-h+jk 

3.  V  »-h  +jk 

4    t>  «  +A-/Jfe 


(28) 


Substituting  these  values  in  the  general  equations  (9)  and 
(10),  and  in  the  usual  manner  transforming  the  exponential 
functions  of  imaginary  exponents,  into  trigonometric  functions, 
and  substituting  for  the  integration  constants,  i4,  the  new  con- 
stants: 

C    ^  A+A' 

C  ^i{A-A') 

then  gives  as  the  general  expression  of  the 
Equations  of  the  Electric  Circuit: 

i  -  2[£-*«-(— /)'  { Ci  cos  (qt  -  ku)  +  C/  sin  {qt  -  ku)  \  (i\) 

-e+*-"(«^0'  jCjCos  iqt^ku)+C^'^n  {qt^-ku)]  (*,) 

+€+*«-(«'+0'  \C^cos{qt-ku)+C^'^n{<lt-ku)\  (t,) 

-  £-*«-(«+/)'  j C4  cos  {qt+ku)-^CJ  sin  {qt ^-ku)\]  (i,) 


(29) 


e  -  2[£-*«-(— 0*  { (c/  C/  -  f  1  C,)  cos  (9^  -  *w)  -  (ci '  Ci  +  c,  C,  0 
sin  (<?/-*«)  I  (O 

-}-€+*--(— 0«  {(c/  C,'  -  Ci  C,)  cos  iqt+ku)  -  (c/  Ca-l-c,  C/) 
sin(?/-f*tt)}  (e^) 

+<+*--C+0'  {(c,'C,'-<:aC3)cos(g/-fe«)-(c,'C3-fCaC,0 
sin(9<-ib*)}  (O  (30) 
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where  Ci,  C/,  C,,  Cj',  C„  Cj',  C^,  C4',  and  two  of  the  four 
values,  /,  q,  fc,  fe,  are  integration  constants,  depending  on  the 
tenninal  conditions,  and: 


_  qk-hh(fn-\-f)  J 


fe'-f** 


_  qk-hjjn-f)  J 


,  _  k{m-f)^-qh  J 


and: 


w  —  i 


(r^f) 


w 


-*(x-f) 

and  h,  k,  and  /,  q,  are  related  by  the  equations: 


hence: 


or: 


9-  VlE^      *  {i?,»-A»+A;'"LCm'} 
^»*  -  V(A»+Jfe»+LCm')»-4LC*'w»     j 


(31) 


(32) 


(33) 


(34) 


'(35) 
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hence 

II.    Discussion  of  General  Equations. 

6.  The  general  equations  of  current  and  voltage  of  a  circuit 
or  section  of  circuit  having  uniformly  distributed  and  constant 
values  of  r,  L,  g,  C,  appear  as  a  sum  of  groups  of  four  terms  each, 
characterized  by  the  feature,  that  the  four  terms  of  each  group 
have  the  same  values  of  f,q,h,k. 

Of  the  four  terms  of  each  group,  tj,  *,.  i,  j^,  or  e^,  ^„  e„  e^, 
respectively  (equations  (29)  and  (30)),  two  contain  the  angles 
(qt  —  ku):  t\,  ^1,  and  tj,  e^\  and  two  contain  the  angles  (qt-hku): 
/„  ^„  and  i\,  e^. 

In  the  former,  the  velocity  of  propagation  is: 

dt      ^  k 

hence  positive,  that  is,  towards  raising  u. 
In  the  latter,  the  velocity  of  propagation  is: 

du g_ 

dl^       k 

or  negative,  that  is,  towards  decreasing  u. 
Each  group  consists  of  two  waves  and  their  reflected  waves. 

i'  a  tj  — ^2  and  e'  =  ^i+^,  is  the  first  wave  and  its  reflected 
wave,  and 

i"  a  fj  —  i^  and  e*  =  ^,  +  ^4  is  the  second  wave  and  its  reflected 
wave. 

In  the  first  wave,  i',  e\  the  amplitude  decreases  in  the  direc- 
tion of  propagation,  £"*-  for  rising,  €+*«  for  decreasing  «,  and 
the  wave  dies  out  with  increasing   time  t,  by  e"  («^/)«e-«"  e+'*. 

In  the  second  wave,  **,  ^,  the  amplitude  increases  in  the  di- 
rection of  propagation,  e"'"**  for  rising,  fi~*"  for  decreasing  w,  but 
the  wave  dies  out  with  the  increasing  time  t,  by  e-(*+0<=. 
€-""  £"'',  that  is,  faster  than  the  first  wave. 

If  the  ampUtude  of  the  wave  remained  constant  throughout 
the  circuit — as  would  be  the  case  in  a  free  oscillation  of  the 
circuit,  in  which  the  stored  energy  of  the  circuit  is  dissipated, 
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but  no  power  transferred  one  way  or  the  other — that  is,  if  A«0» 
it  also  is,  by  (56),  /=0,  that  is,  both  waves  coincide  into  one. 
which  dies  out  with  the  time  by  the  decrement  tr^. 

It  thus  follows: 

In  general,  two  waves,  with  their  reflected  waves,  traverse 
the  circuit,  of  which  the  one  i*,  e*,  increases  in  amplitude  in  the 
direction  of  propagation,  but  dies  out  correspondingly  more 
rapidly  in  time,  that  is,  faster  than  a  wave  of  constant  ampU- 
tude;  while  the  other  i^  e\  decreases  in  amplitude,  but  lasts  a 
longer  time,  that  is,  dies  out  slower  than  a  wave  of  constant 
amplitude.  That  is,  in  the  one  wave,  **,  e^,  a  decrease  of  am- 
plitude takes  place  at  a  sacrifice  of  duration  in  time,  while  in 
the  other  wave,  i\  e',  a  slower  dying  out  of  the  wave  with  the 
time  Is  produced  at  the  expense  of  a  decrease  of  amplitude 
during  its  propagation. 

It  J6  seen  herefrom,  that  the  equations  usually  given  for  an 
oscillating  circuit,  which  do  not  contain  an  exponential  function 
of  the  distance,  are  not  the  most  general  equations,  but  corre- 
spond only  to  the  special  case  of  a  free  oscillation  in  which  no 
energy  transfer  takes  place,  and  so  do  not  apply  to  the  traveUng 
wave  or  impulse,  nor  to  the  oscillation  of  a  complex  circuit. 

6.  In  the  equations  (29)  and  (30) : 

qt  ^  27: 
gives  the  time  of  a  complete  cycle,  that  is,  the  period  of  the  wave: 


T 
and: 


27r 


the  frequency  of  the  wave. 

ku  =   27C 

gives  the  distance  of  a  complete  cycle,  that  is,  the  wave  length: 

h 

(w  -  f)«  -  1  and 
(w  +  /)  I  -  1 
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gives  the  time: 

r,'«-l^and 


Quly  2 


r/ 


w  +  f 


during  which  the  wave  decreases  to  l/c  =  .3679  of  its  value, 
and 


gives  the  distance : 


U,  =  1/A 


over  which  the  wave  decreases  to  1/e 
That  is: 


.3679  of  its  value. 


q  is  the  frequency  constant  of  the  wave : 

k  is  the  wave  length  constant: 

(w  —  f)  and  (t«;+/)are  the  time  attenuation  constants  of  the  wave: 

h  is  the  distance  attenuation  constant  of  the  wave : 

7.  If  the  frequency  of  the  current  and  voltage  is  very  high, 
thousands  of  cycles  and  more,  as  with  traveling  waves,  hghtning 
disturbances,  high  frequency  oscillations,  etc.,  ^  is  a  very  large 
quantity  compared  with  /,  w,  m,  A,  k,  and  &  is  a  large  quantity 
compared  with  A,  and,  by  dropping  terms  of  secondary  order, 
the  preceding  equations  can  be  simplified,  and  become: 


and: 


Denoting: 


k^qVLC 


a-^vrz 


(37) 


•=0 


Vi 


(38) 


(39) 
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where  a  is  the  reciprocal  of  the  frequency  of  propagation  (ve- 
locity of  light),  it  is: 

h  =  af  ] 

(40) 
k  =  aq  J 


c,  =  c 


c'  =  c'  =  —c  =  0 

q 


(41) 


and,  introducing  the  new  independent 

variable, 

as 

distance : 

X  =  au 
it  is: 

ku  -=  qX 

hu=^fX 

(42) 
(43) 

hence,  the  wave  length  is  given  by: 

qX  =  27t 
as: 

.1  ^^ 

'     q 

(44) 

and  since  the  period  is: 

^-f 

it  follows,  that  by  the  introduction  of  the  denotation  (42), 
distances  are  measured  with  the  velocity  of  propagation  as  unit 
length,  and  wave  length  U  and  period  T  have  the  same 
numerical  values. 

Substituting  now  in  equations  (29)  and  (30),  gives: 

i  =  e-«"  I  {«+'(«-^)Z>,  [q  (/  -  X)]  -  «+'('+«£>,  [q  (t  +  X)]  (t ') 

(45) 
+«-'('-«£>,  [q  (< -  X)]  - «-'('+«£>,  [q  (t+X)]]  (»') 

e  -  J-^e—' 2- {«+'('-«£>,  [q  (t-X)]+f*-H*+»D^[q  (t+X)]  {e') 
^  ^  .  (46) 

+€-'('-«£),  [q  (t  -  ;)]+«-'('+^)2?4  [q  (f  +  X)]]  («•) 
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where: 

D  [q  {t±X)]  =  C  cos  g  {t±X)^-C'  sin  q  {t±X)  (47) 

8.  As  seen  from  equations  (45)  and  (46),  the  waves  are  pro- 
ducts of  €""■"  and  a  function  of  {t  —  X)  for  the  main  wave,  (/  +  >l) 
for  the  reflected  wave : 

A -l-^s  "€-«'' /i(*->i)  1 

(48) 

i2-|-*4    =    fi""'^!  ('   +   ^)  J 

Hence,  for  constant  (i  —  X)  on  the  main  waves,  and  for  con- 
stant (<+^)  on  the  reflected  waves,  it  is: 

fi+i3  =  B  c-"''  I 

(49) 
*a  +  *4  ^B'€-^'  J 

That  IS,  during  its  passage  along  the  circuit,  the  wave  de- 
creases by  the  decrement  €""",  or  at  a  constant  rate,  independent 
of  frequency,  wave  length,  etc.,  and  depending  merely  on  the 
circuit  constants  r,  L,  g,  C. 

That  is,  the  decrement  of  the  traveling  wave  in  the  direction 
of  its  motion  is  independent  of  the  character  of  the  wave,  as  its 
frequency,  etc. 

In  other  words,  an  impulse  travehng  along  the  circuit  retains 
its  wave  shape,  provided  that  r,  L,  g,  C,  are  constant. 

If  r  and  g  increase  with  the  frequency,  as  is  often  tlie  case, 
the  higher  frequency  waves  die  out  faster,  and  the  wave  shape 
gradually  smooths  out  in  the  direction  of  travel. 

The  physical  meaning  of  the  two  waves  i'  and  i"  can  best  be 
appreciated  by  observing  the  effect  of  the  wave  when  traversing 
a  fixed  point  X  of  the  circuit. 

Consider  as  instance  the  main  wave  only  \i'  =  t\ + i, ;  the  same 
applies  for  the  reflected  wave. 

Assuming  then,  that  at  time  /=0,  the  current  /'=0,  it  is, 
for  constant  X: 

/  =  /)(£-(«-/)' -€-(«'+')') 

the  ampUtude  of  current  /  at  point  X, 

As  this  is  the  difference  of  two  exponential  fimctions.  of  dif- 
ferent decrement,  it  follows,  that  as  ftmction  of  time  /,  /'  rises 
from  0  to  a  maximum  and  then  decreases  again  to  2sero,  as 
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shown  in  Fig.  1,  and  the  actual  current  i  is  the  oscillatory  wave 
with  /  as  envelope. 
The  combination  of  the  two  waves  thus  represents  the  passage 
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of  a  wave  across  a  given  point,  the  amplitude  rising  during  the 
arrival,  and  decreasing  again  after  the  passage  of  the  wave. 
9.  If  h  and   also  /  eqiial  zero,  i',  e\  and  i*',  ^,  coincide  in 
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equations  (45)  and  (46),  and  the  equations  (45)  (46)  assume  the 
form: 

i  =  £-"''  2  { [J5i  cos  q\}-k)+B^'^nq{f-  k)]  -\fi.Qasq(JL+X)-^ 
B,'sin9(<-f;)]|  m 


VI 


€-«"  I\[B^  cos  qi^t-X)  -f  B/  sin  9  (/  -  il)l  +  [5,  oos  q 
(^  +  ;)+B,'sin9(/-f>l)]}  (51) 


These  equations  contain  the  distance  X  only  in  the  trigono- 
metric, but  not  in  the  exponential  ftmction,  that  is,  i  and  e 
vary  in  phase  throughout  the  drcmt,  but  not  in  amplitude,  or 
in  other  words,  the  oscillation  is  of  uniform  intensity  throughout 
the  circuit,  dying  out  tmiformly  with  the  time,  from  an  initial 
maximimi  value,  but  the  wave  does  not  travel  along  the  circuit, 
but  is  a  stationary  or  standing  wave.  It  is  an  oscillatory  dis- 
charge of  a  circuit  containing  a  distributed  r,  L,  g,  C,  and  so 
analogous  to  the  oscillating  condenser  discharge  through  an 
inductive  circuit,  except  that,  due  to  the  distributed  capacity, 
the  phase  changes  along  the  circuit.  The  free  oscillations  of  a 
uniform  circuit,  as  a  transmission  line,  are  of  this  character. 

For  >l  =  0,  that  is,  assuming  the  wave  length  of  the  oscilla- 
tion is  so  great,  hence  the  circuit  as  such  a  small  fraction  of  the 
wave  length,  that  the  phase  of  i  and  e  can  be  assumed  as  uniform 
throughout  the  circuit,  the  equations  (50)  and  (51)  assume  the 
form: 

i  =  £"«"  [B^ cos qt- BJ smqi] 


Vi'- 


•'^  {B^cosqt^-BJ^nqt] 

and  these  are  the  usual  equations  of  the  condenser  discharge 
through  an  inductive  circuit,  which  here  appear  as  a  special 
case  of  a  special  case  of  the  general  circuit  equations. 

If  q  equals  zero,  the  functions  D  in  equations  (45)  and  (46) 
become  constant,  and  these  equations  assume  the  form: 
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This  gives  expressions  of  current  and  voltage,  which  are  not 
oscillatory  any  more,  but  exponential,  representing  a  gradual 
change  of  i  and  e  as  functions  of  time  and  distance,  corresponding 
to  the  gradual  or  logarithmic  condenser  dischai^e.  For  ^  =  0^ 
these  equations  change  to  the  equations  of  the  logarithmic  con- 
denser discharge. 

These  equations  are  only  approximate  however,  since  in  them 
the  quantities  /,  w,  fe,  have  been  neglected  compared  with  q, 
assuming  the  latter  as  very  large,  while  now  it  is  assumed  as 
zero. 

It  thus  follows: 

If  the  constant  h  in  equations  (29)  and  (30)  differs  from  zero, 
the  oscillation  (using  the  term  oscillation  here  in  the  most  gen- 
eral sense,  that  is,  including  also  alternation,  as  an  oscillation 
of  zero  attenuation)  travels  along  the  circuit;  but  it  becomes 
stationary,  as  standing  wave,  for  fc  =  0.     That  is: 

The  distance  attenuation  constant  h  may  also  be  called  the 
propagation  constant  of  the  wave. 

A  =  0  thus  represents  a  wave  which  does  not  propagate  or  move 
along  the  circuit,  but  stands  still,  that  is,  a  stationary  or  stand- 
ing wave. 

III.     Standing  Waves. 
10.  If  the  propagation  constant  of  the  wave  vanishes: 

A  =  0 

the  wave  becomes  a  stationary  or  standing  wave,  and  the  equa- 
tions of  the  standing  wave  so  are  derived  from  the  general 
equations,  by  substituting  thereon:    h  =^  0. 
This  gives-' 


hence,  if: 


and,  if: 


k"  >LCm^'.  /?,»  =  k^-LCm\ 


Two  different  cases  exist,  depending  upon  the  relative 
values  of  k^  and  L  C  m',  and  in  addition  thereto  the  intermediary 
or  critical  case,  in  which  k^  ^  LC w*. 


Digitized  by  VjOOQIC 


1250  STEISMETZ:  ELECTRIC  [July  2 

These  three  cases  reqtiire  separate  consideration. 


LCm^-  JLCi(^-X)| 


is  a  circuit  constant,  while  k  is  the  wave  length  constant,  that 
is,  the  higher  K  the  shorter  is  the  wave  length. 
A.  Short  Waves: 

k"  >LCm^ 
hence: 

and, 

and  approximately, 

k 


VITC 


Substituting  in  equations  (29),  (30),  the  two  waves  i\  e\ 
and  i*,  ^,  coincide,  and  all  the  exponential  terms  reduce  to  €""'', 
and  rearranged,  give, 

i  =  e-«"  {[Bj  cos  {qt  -  *m)  +  5/  sin  {qi  -  ku)]  -  [B,  cos  {<ji  +*m)  + 
B/sin(9/+*M)]}  (52) 

e  -=  J^f-»<  {[BiCOs(9/-Jfc«)-i-B/sin(9/-JfeM)]  +  [B,cos(q<+ 
*M)+B,'sin(9/+*w)]}  (53) 

These  equations  represent  a  stationary  electrical  oscillation 
or  standing  wave  in  the  circuit. 
B.  Long  Waves: 

k^  <LCnf 

hence: 
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and:  

9  =  0 
or  approximately »  for  very  small  values  of  *: 


'— Kt--^) 


Substituting  now  into  (29)  and  (30),  the  two  waves  *',  e\ 
and  i*,  ^ ,  remain  separate,  having  different  exponential  terms, 
€""<•"'>'  and  €"*<"'"*"'>',  but  in  each  of  the  two  waves,  the  main 
wave  and  the  reflected  wave  coincide,  due  to  the  vanishing  of  q, 

i  =  £-•'  {(Bi€+''  +  B,e-'0  cosfew-  (B/c+^'  +  B/e-'O  sin*«} 

(54) 


-i 


^e--'  \[(m+f)  B/f^"  +  (tH-f)  B,' «""]  cos  ku+[{m+f) 
J5,  «+"  +  (m  -  /)  B,  «-"]  sin  ib* } 

^e-«"{»»[(B, '«+"+«,'«-")  cosife«+  (B,«+"  +  B,«-")sin 
ku]  +  /  [(Bi  'fi+^'-B/e-'  )cos  ku  +  (B,e+''-B^-'Osin  ifew]  | 


These  equations  represent  a  gradual  or  exponential  circuit  dis- 
charge. The  distribution  is  a  trigonometric  function  of  the  dis- 
tance, that  is,  a  wave  distribution,  but  dies  out  gradually  in 
time,  or  without  oscillation. 

C.  Critical  Case: 

k"  ^  LCm" 
This  gives: 

i  =  £"""  \B  cos  ku  —  B'  sin  few} 

e  =  J-^€-«''  {B'cosJbt  +  Bsinib*} 

In  the  critical  case,  the   wave  is    distributed   as    trigone 
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metric  function  of  the  distance,  but  dies  out  as  simple  expo- 
nential function  of  the  time. 

11.  An  electrical  standing  wave  can  have  two  different 
forms:  it  can  be  either  oscillatory  in  time,  or  exponential  in 
time,  that  is,  gradually  changing.  It  is  interesting  to  investi- 
gate the  conditions  under  which  these  two  different  cases  occur. 

The  transition  from  gradual  to  oscillatory,  takes  place  at: 

*,>  =  m^LC 

for  larger  values  of  k,  the  phenomenon  is  oscillatory ;  for  smaller, 
exponential  or  gradual: 

As  k  is  the  wave  length  constant,  the  wave  length,  at  which 
the  phenomenon  ceases  to  be  oscillatory  in  time,  and  becomes 
a  gradual  dying  out,  is  given  by: 

u  =?^ 


2  It 


mVL  C 

In  an  undamped  wave,  that  is,  in  a  circtiit  of  zero  r  and 
zero  g,  in  which  no  energy  losses  occur,  the  velocity  of  propaga- 
tion is: 

q  1 

k      Vlc 

and  is  the  velocity  of  light: 

w,  =  3X10" 

if  the  medium  has  unit  permeability  and  unit  inductivity. 

In  an  undamped  circuit,  this  wave  length  t/,  would  correspond 
to  the  frequency: 


k. 


0 


VTc 


=  m 


oence: 


•      2jr      2« 
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The  frequency,  at  the  wave  length  [/,,  is  however,  zero,  as 
at  this  wave  length  the  phenomenon  ceases  to  be  oscillettory. 
That  is: 

Due  to  the  energy  losses  in  the  circuit,  by  the  effective  re- 
sistance r  and  effective  conductance  g,  the  frequency  N  of  the 
wave  is  reduced  below  the  value  corresponding  to  the  wave 
length  U,  the  more,  the  greater  the  wave  length,  until  at  the 
wave  length  U^  the  frequency  becomes  zero,  and  the  phenom- 
enon thereby  non-oscillatory.  This  means,  with  increasing 
wave  length,  the  velocity  of  propagation  of  the  phenomenon  de- 
creases, and  becomes  zero  at  wave  length  C7^. 

If  w»LC  =  0,  k^  =  0,  and   U,  =  oo, 

that  is,  the  standing  wave  is  always  oscillatory. 

If  m»  L  C  =  00 ,  i,  «  00 ,  and  C7o  =  0, 

that  is,  the  standing  wave  is  always  non-oscillatory,  or  gradually 
dying  out. 

In  the  former  case : 

m^  L  C  =  0,  or  oscillatory  phenomenon, 

it  is,  substituting  for  m'  and  expanding: 

g  ■"  c 

or: 

rC-gL  =  0 

In  the  latter  case : 
m^  LC  ^^  00 ,  or  non-oscillatory  or  exponential  standing  wave, 
it  is  either: 

L  =  0,  or  C  =  0. 

That  is: 

The  standing  wave  in  a  circuit  is  always  oscillatory,  regardless 
of  its  wave  length,  if 

g       c 

that  is,  the  ratio  of  the  energy  coefficients  equals  the  ratio  of 
the  reactive  coefficients  of  the  circmt. 
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The  standing  wave  can  never  be  oscillatory,  but  is  always 
exponential,  or  gradually  dying  out,  if  either  the  inductance  L, 
or  the  capacity  C,  vanish,  that  is,  the  circuit  contains  no  ca- 
pacity or  contains  no  inductance.  In  all  other  cases  the 
standing  wave  is  oscillatory  for  waves  shorter  than  the  critical 

value  I/fl  =  r-,  where 


*o'  =  -'^^=»{^\It-^\'t[' 


(56) 


and  is  exponential  or  gradual,  for  standing  waves  longer  than 
the  critical  wave  length  U^.  Or,  for  k  <  k^,  the  standing  wave 
is  exponential ;  for  i  >  i^,  it  is  oscillatory. 

The  term  k^^  m  y/JTC  takes  a  similar  part  in  the  theory 
of  standing  waves  as  the  term:  r^  —  ^L^C^  in  the  condenser 
discharge  through  an  inductive  circuit,  that  is,  it  separates  the 
exponential  or  gradual,  from  trigonometric  or  oscillatory  con- 
ditions. 

The  difference  is,  that  the  condenser  discharge  through  an 
inductive  circuit  is  gradual,  or  oscillatory,  depending  on  the 
circuit  constants,  while  in  a  general  circuit,  with  the  same 
circuit  constants,  in  general  gradual  as  well  as  oscillator}' 
standing  waves  exist,  the  former  at  greater  wave  length,  or 

the  latter  for  shorter  wave  length,  or 

wVET  <*» 

An  idea  of  the  quantity  k^,  and  so  the  wave  length  t/^,  at 
which  the  frequency  of  the  standing  wave  becomes  zero,  or  the 
wave  non-oscillatory,  and  of  the  frequency  N^,  which  in  an  un- 
damped circuit  will  correspond  to  this  critical  wave  length  N^, 
can  best  be  derived  by  considering  some  representative  nu- 
merical instance. 

1.  High  Power  High  Potential  Overhead  Transmission  Line, 

12.  Assuming  power  to  be  transmitted  120  miles,  at  40,000 

volts  between  line  and  ground,  by  a  three-phase  system  with 

grounded  neutral,  over  a  line  consisting  of  copper  conductors, 

wire  No.  00  B.  &  S.  gauge  with  5  feet  between  conductors. 
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Choosing  as  unit  length  the  mile,  it  is,  approximately, 

r    =  .41  ohms 

L  =  1.95Xl(r*A 

g   -  .25XlO-«  mho 

C  =.  .0162X10-*/. 
Herefrom  then  follows : 

w  «  113 

m  =»  97 

a   ^sTLC  =  5.62X10-* 

jfe,  =  mLC  -  645X10-* 
hence,  the  critical  wave  length: 

1/.  =  ^  =  11.500  miles 

and,  in  an  undamped  circuit,  this  wave  length  would  correspond 
to  the  frequency  of  oscillation : 


A^,,  =  ^  =  15.7  cycles  per  second. 


Since  the  shortest  wave  at  which  the  phenomenon  ceases  to 
be  oscillatory,  is  11,500  miles  in  length,  and  the  longest  wave, 
which  can  originate  in  the  circuit,  is  4  times  the  length  of  the 
circuit,  or  480  miles,  it  follows  that  whatever  waves  may  orig- 
inate in  this  circuit,  are  by  necessity  oscillatory,  and  non-os- 
cillatory currents  or  voltages  can  exist  in  this  circuit  only 
when  impressed  upon  it  by  some  outside  source,  and  then  are 
of  such  great  wave  length,  that  the  circuit  is  only  an  insignificant 
fraction  of  the  wave,  and  great  differences  of  voltage  and  cur- 
rent of  non-oscillatory  nature  cannot  exist. 

Since  the  difference  in  length,  between  the  shortest  non- 
osdllatory  wave,  and  the  longest  wave  which  can  originate  in 
the  circuit,  is  so  very  great,  it  follows,  that  in  high  potential 
long  distance  transmission  circuits,  all  phenomena  which  may 
result  in  considerable  potential  differences  and  differences  of 
current  throughout  the  circuit,  arc  oscillatory  in  nature. 


Digitized  by  VjOOQIC 


1256  STEINMETZ:  ELECTRIC  [July  2 

"With  a  length  of  circuit  of  120  miles,  the  longest  standing 
wave,  which  can  originate  in  the  drcuit,  has  the  wave  length: 

C/  =  480  miles. 

and  herefrom  follows: 


jfe   «  ^  «  .0134 


q   «— ,*       =2380 
V  L  6 


N  =  7^  =  380  cycles. 
2k 


Hence,  even  for  the  longest  standing  wave,  which  may  orig- 
inate in  this  transmission  line,  and  still  more  so  for  shorter 
waves,  the  overtones  of  the  fimdamental  wave,  the  approxi- 
mations in  paragraph  7  are  justified,  and  it  thus  is: 

General  Equations  of  Standing  Waves  in  Long  Distance  Power 
Transmission  Lines: 

i  '^  I  €-«"  1  [Si  cos  {qt  -  ku)  +  Bj '  sin  {qt  -*«)]-  [B,  cos  (qt + ku) 
+  B/ sin  (g/ +  *«)]}  (57) 

e  «  -f- J-^  i'fi--''  \[B^  cos  {qt  ->«)  +B/  sin  {qt  -  ku)]-\-[B^  cos 
(^  +  ifew)+B3'sin  {qt-]-ku)]\  (58) 

or: 

e  =  Ir""*  \[A^  cos  iqt-^ku)  -f  ^/  sin  {qt'{'ku)]-\-\A^  cos  {qt  -  ku) 
+  .4/ sin  (g/ -*«)]}  (69) 

i  -  -J-^^^"'''  l[^i  cos  (g/-f-Aji*)-h>lx'  sin  {qt^-ku)]  -  [^,  cos 
(g/  -  ku)  -hi4 /  sin  (g/  -  ku)]\  (60) 
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where : 


etc. 

2.  High  Potential  Underground  Power  Cable. 
13.  Assuming,  per  mile  of  single  conductor: 

r   =  .41  ohms. 

L  «  .4XlO-»*. 

g  «  1 X 10"*  mho,  corresponding  to  a  power  factor  of  the 
cable  charging  current,  at  25  cycles,  of  1  per  cent. 

C=  .6X10-*/. 

Herefrom  then  follows: 
w  =  513 
m  «  512 

a   =  vTC  =  15.5X10^ 
k^^  m  \/T~C  =  7.95  X 10-* 
and,  critical  wave  length: 

L^o  "=  790  miles, 

and,  frequency  of  an  undamped  oscillation,  corresponding  to  U^: 

h\  =-  81.5  cycles. 

As  seen,  in  an  underground  high  potential  cable,  the  critical 
wave  length  is  very  much  shorter  than  in  the  overhead  long 
distance  transmission  Hne.  At  the  same  time,  however,  the 
length  of  an  undcrjjround  cable  circuit  is  very  much  shorter 
than  that  of  a  long  distance  transmission  line,  so  that  the  crit- 
ical "wave  length  still  is  very  large  compared  with  the  greatest 
wave  length  of  an  oscillation  originating  in  the  cable ;  about  10 
times  as  great. 

That  is,  the  discussion  of  the  possible  phenomena  in  any 
overhead  line  applies  also  to  the  underground  high  potential 
cable  circuit. 
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3.  Submarine  Telegraph  Cable, 
ChcxJsing  the  values: 
Length  of  cable,  4000  miles. 
Constants  per  mile  of  conductor: 

r     =3  ohms 


hence: 


L 

=  IXlO-'/r 

g 

=  lXlO-«mho 

C 

=  .ixio-*/ 

IV 

=  1500 

m 

-  1600 

o 

=  LC=  10XlO-« 

K 

=  m^L  C  =  15X10 

u. 

=  418  miles 

N, 

=  477  cycles. 

and: 
thus: 


That  is,  in  a  submarine  cable,  the  critical  wave  length  f/,  is 
relatively  short,  so  that  in  long  submarine  cables,  standing 
waves  may  appear,  which  are  not  oscillatory  in  time,  but  die 
out  gradually.  In  such  cables,  due  to  their  relative  high  re- 
sistance, the  damping  effect  is  very  great,  w  =  1500,  and 
standing  waves  rapidly  die  out. 

In  the  investigation  of  the  submarine  cable,  the  complete 
equations  must  therefore  be  used,  and  q  cannot  always  be  as- 
sumed as  large  compared  with  m  and  w,  except  when  dealing 
with  local  oscillations. 

4.  Long  Distance  Overhead  Telephone  Circuit. 

14.  Considering  a  telephone  circuit  of  1000  miles  length, 
metallic  return,  consisting  of  two  wires  No.  4  B.  &  S.  gauge, 
24  in.  distant  from  each  other. 

Per  mile  of  conductor: 

r   =1.31  ohms 
L  =  1.84XlO-»ft 
C-  .0172X10-*/ 
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as  conductance  g  we  may  assume: 

(a)  g  =  0,  that  is,  very  perfect  insulation,  as  in  dry  weather. 

(6)  q  =  2.5X  10-«,  that  is,  slightly  leaky  lines. 

(O  i  ~  12X10"*,  that  is,  poor  insulation,  or  a  leaky  line. 

(d)  g  «  40X 10"*,  that  is,  extremely  poor  insulation,  as  during 
heavy  rain. 

The  condition  may  also  be  investigated  where  the  line  is 
loaded  with  inductance  coils,  spaced  so  close  together,  that  in 
their  effect  we  can  consider  this  additional  inductance  as  uni- 
fomily  distributed.  Let  the  total  inductance,  per  unit  length, 
be  increased  by  the  loading  coils  to: 

L,  «  9X10-*  h 

or  about  5  times  the  normal  value. 

Denoting  then  the  constants  of  the  loaded  line  by  the  index  1, 
it  is: 


(a) 

(b) 

(c) 

(d) 

w 

- 

- 

356 

429 

700 

1518 

'-^l 

wm 

- 

73 

146 

423 

1236 

m 

«- 

» 

356 

283 

6 

-806 

i«i 

» 

B 

73 

0 

-277 

-1090 

a 

«VLC 

8» 

5.03  X  10-^ 

^1 

^Vl.c 

-12.45X10-* 

K 

^ntVLC 

» 

2xl0-» 

1.6X10- 

«33.7X10-«4.56X10-' 

k.i 

-^iVliC^ 

9lXlO-« 

0 

3.45  XIO"' 

13.5xi0-» 

u. 

« 

« 

3140 

3920 

187.000 

1380 

^\i 

« 

- 

09,000 

00 

1820 

464 

^Vo 

« 

- 

55.6 

45 

.96 

128 

N.. 

H. 

«. 

11.6 

0 

44 

173 

Hence,  in  a  long  distance  telephone  line,  distributed  leakage 
up  to  a  certain  amount,  increases  the  critical  wave  length,  and 
so  makes  even  the  long  wave  oscillatory.  Beyond  this  amount, 
leakage  again  decreases  the  wave  length.  Distributed  induct- 
ance, as  by  loading  the  line,  increases  the  critical  wave  length, 
if  the  leakage  is  small,  but  in  a  badly  leaky  line,  it  decreases  the 
critical  wave  length,  and  the  amount  of  leakage,  up  to  which 
an  increase  of  the  critical  wave  length  occurs,  is  less,  in  a  loaded 
line,  that  is,  in  a  line  of  higher  inductance. 
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In  other  words,  a  moderate  amount  of  distributed  leakage 
improves  a  long  distance  telephone  line,  an  excessive  amount  of 
leakage  spoils  it.  An  increase  of  inductance,  by  loading  the 
line,  improves  the  line,  if  the  leakage  is  small,  but  spoils  the 
line,  if  the  leakage  is  considerable.  The  amoimt  of  leakage  up 
to  which  improvement  in  the  telephone  line  occurs,  is  less  in  a 
loaded  than  in  an  unloaded  line,  that  is,  a  loaded  telephone 
line  requires  a  far  better  insulation  than  an  imloaded  line. 

IV.    Traveling  Waves. 

15.  As  seen,  especially  in  electric  power  circuits,  overhead 
or  underground,  the  longest  existing  standing  wave  has  a  wave 
length  which  is  so  small  compared  with  the  critical  wave  length 
— ^where  the  frequency  becomes  zero — that  the  effect  of  the 
damping  constant  on  frequency  and  wave  length  is  negligible. 
The  same  obviously  applies  also  to  traveUng  waves,  generally 
to  a  greater  extent  still,  since  traveling  waves  commonly  are  of 
wave  lengths,  which  are  only  a  small  part  of  the  length  of  the 
circuit.  Usually  therefore  in  the  discussion  of  traveling  waves, 
the  effect  of  the  damping  constants  on  the  frequency  constant  q 
and  the  wave  length  constant  k  can  be  neglected,  that  is,  fre- 
quency and  wave  length  assumed  as  independent  of  the  enei^" 
loss  in  the  circuit,  and  the  equations  (45)  and  (46)  applied  in 
dealing  with  the  traveling  wave. 

In  these  equations,  the  distance  traveled  by  the  wave  per 
second,  is  used  as  unit  length,  by  the  substitution: 

where^ 


o^VLC 

as  this  brings  /  and  X  into  direct  comparison,  and  eliminates  h 
and  k  from  the  equations,  by  the  equation  (43). 

This  gives,  under  the  limiting  conditions  discussed  before,  the 

General  Equations  of  the  Traveling  Wave: 

i  -  e-*'  {e+'('-^)[BiCOsg(/->l)+B/sin?(^-;)]-€+'C'+^)[5,cos 
q  (/+;)  +B/sing  (<-f /l)]+£-^('-^)  [Bjcosq  (/->l)  +B/ 
sin  g  (/-;)]- e-'('+^>  [B,  cos  g  (^ +  ;) -f  B/ sin  7  (<  +  ;)]  I 

(61) 
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e  =  ^-^e"""  |e+'<'-')  [5,  cos  q  (t- X)+B^' sinq  (t-  X)]  +  e+n'+n 

[B,  cos  q(t + >»)  +  B, '  sin  qQ  +  X)]  +  e-'('-')[B,  cos  q{t  -  X) 

+B,'  sin  9  (/  -  >l)]+e-'('+«  [5,  cosq  {t+X)+BJ£nq 

(t+i)]\  (62) 

or: 

e  =  «--"  {£+'('-«  [.4.  cosg(/-;)+/li' sin  9  («->l)]+e+'('+«[/l, cos 

q{t  +  i)+At'anq{t  +  X)]+e-H'-i)[AfCOsq.{t-i)+A^' 

sin  9  (<- >l)] +«-'<'+«  [/I « cos  g  (<+ >l)  +  ^  /  sin  q  («+;)]  I 
_  (63) 

j  =.  ^  -^  «-•«  {«+/(«-«  [^ ,  cos  g  (/  -  >{)  +  ^ , '  sin  g  (<  -  i)]  -  «+'('+« 

[.4,  cos  q  (/  +  -*) +  .4/  sin  q  (t  +  X)]  +  e-H'-i)  [.4,  cos  q 
it-X)+A^'anqit-X)]-e-'('-i)[A^cosq  {t  +  X)+A^' 
sin  9  (<+;)]!  (64) 

where: 

In  these  equations  the  values  -4,  B,  are  integration  constants, 
which  are  determined  by  the  terminal  conditions  of  the  problem. 

The  terms  with  (/  —  X)  may  be  considered  as  the  main  wave, 
the  terms  with  (t  +  ^)  as  the  reflected  wave,  or  inversely,  de- 
pending on  the  direction  of  propagation  of  the  wave. 

IG.  As  the  traveling  wave  consists  of  a  main  wave,  with 
variable  (t  —  k),  and  a  reflected  wave  of  the  same  character,  but 
moving  in  opposite  direction,  thus  with  the  variable  (t  +  X), 
these  waves  may  be  studied  separately,  and  afterwards  the 
effect  of  their  combination  investigated. 

Thus,  considering  at  first  one  of  the  waves  only,  that  with 
the  variable  (t  —  X),  it  is,  from  equations  (63)  to  (64): 

e  «  £-■"  {e+W-^)  [^  1  cos  g  (/  -  ;i)  +  >1  /  sin  g  (^  -  ;)]  +  €-'(<-^) 

(66) 

-  €—'  {(.4i€+'('-^)+^3e-^('-^))cos^(/-il)-f  (i4/«+'('-^)+>l,' 
e-'<'-^))sin?(<-A)} 
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aulyl 


>/- 


t-xl-^e 


That  is,  in  a  single  traveling  wave,  current  and  voltage  are 
in  phase  with  each  other,  and  proportional  to  each  other,  with 
an  effective  impedance: 


e  \L 


This  proportionality  between  e  and  t,  and  coincidence  of  phase, 
obviously  does  not  exist  any  more  in  the  combination  of  main 
waves  and  reflected  waves,  since  in  reflection,  the  current  re- 
verses with  the  reversal  of  the  direction  of  propagation,  while 
the  voltage  remains  in  the  same  direction. 

In  equation  (66),  the  time  t  appears  only  in  the  term  (/  — >l), 
except  in  the  factor  £"■",  while  the  distance  X  appears  only  in 
the  term  {t  —  X),     Substituting  therefore; 


hence : 


t?  =  t-X 


t  =  d  +  X 


that  is,  counting  the  time  differently  at  any  point  X,  and  count- 
ing it  at  every  point  of  the  circuit  from  the  same  point  in  the 
phase  of  the  wave,  from  which  the  time  /  is  counted  at  the 
starting  point  of  the  wave,  i  =  0,  or,  in  other  words,  shifting 
the  starting  point  of  the  counting  of  time,  with  the  distance  X, 
it  is,  substituted  in  (66) : 


=  e-«"  {e+''^  {Ay  cos  q  i?  +  A/  sin  q  d)  -f  f"'"^  (^sCos  q  ^ 

+  A^'^nqd)\ 
»  e-^i-e**  j£+/^ {Aycosqd  +  A,'  sinq{^)  +£-''> (.4, cos q 

i?  +  ^3sin^i?)| 
-  «-"'^€-«^  1(^1^  €+''>  + .4, r'-^)  cos^i?-h(/l/€+'*  +  i4/ 

e-'*)  sin  9^)1 


(67) 
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The  latter  form  of  the  equation  is  best  stiited  to  represent  the 
variation  of  the  wave,  at  a  fixed  point  k  in  space,  as  ftinction 
of  the  local  time  d. 

The  wave  is  the  product  of  a  term:  c"*^  which  decreases 
with  increasing  distance  X,  and  a  term: 

^,»e-**|«+'*(i4iCOsge?+i4/singe?)+e-'*(i4,cos9i»-l-i4/ 

sinf  i9)} 

(68) 
=  e-**{(i4,«+'*+i4,«-'*)cosgiJ+(i4/£+'*  +  i4,'£-'')sing<J)} 

which  latter  term  is  independent  of  the  distance,  but  merely 
a  function  of  the  time  d,  when  counting  the  time  at  any  point 
of  the  line  from  the  moment  of  the  passage  of  the  same  phase 
of  the  wave. 

Since  the  coefficient  in  the  exponent  of  the  distance  decre- 
ment c"*^,  contains  only  the  circuit  constants: 


w 


-*(^H) 


but  does  not  contain  /  and  q,  or  the  other  integration  constants. 

It  follows  herefrom: 

The  attenuation  constant  of  a  traveling  wave,  and  therefore 
the  distance  decrement  of  the  wave  depends  upon  the  circuit 
constants  r ,  L,  g,  C,  only,  but  does  not  depend  upon  the  wave 
length,  frequency,  voltage  or  current;  hence  all  traveling  waves 
in  the  same  circuit  die  out  at  the  same  rate,  regardless  of  their 
frequency  and  of  their  wave  shape,  or  in  other  words,  a  com- 
plex traveling  wave  retains  its  wave  shape,  when  traversing  a 
circuit,  and  merely  decreases  in  amphtude  by  the  distance  decre- 
ment «"*'. 

The  wave  attenuation  is  a  constant  of  the  circuit. 

This  obviously  applies  only  for  waves  of  constant  velocity, 
that  is,  such  waves  in  which  q  is  large  compared  with  /,  w,  and 
m,  and  does  not  strictly  apply  to  extremely  long  waves,  as 
discussed  in  13. 

17.  By  changing  the  line  constants,  as  by  inserting  inductance 
in  such  a  manner  as  to  give  the  effect  of  uniform  distribution 
(loading  the  line),  the  attenuation  of  the  wave  can  be  re- 
duced, that  is,  the  wave  caused  to  travel  a  greater  distance  u 
with  the  same  decrease  of  amplitude. 
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As  function  of  the  inductance  L,  the  attenuation  constant 
is  a  minimum  for: 

hence: 

rC-gL  =  0 
or: 


L       r 

c-  g 

and,  if  the  conductance: 

g-0 

it  is: 

•    L  =  00 

Hence,  in  a  perfectly  insulated  circuit,  or  circuit  having  no 
energy  losses  depending  on  the  voltage,  the  attenuation  de- 
creases with  increase  of  the  inductance,  that  is,  by  "  loading 
the  line  ",  and  the  more  inductance  is  inserted,  the  better  the 
telephonic  transmission  is. 

In  a  leaky  telephone  line,  increase  of  inductance  decreases 
the  attenuation,  and  so  improves  the  telephonic  transmission, 
up  to  the  value  of  inductance, 

g 

and  beyond  this  value,  inductance  is  harmful,  by  again  increasing 
the  attenuation. 

For  instance,  if  in  a  long  distance  telephone  circuit  per  mile: 

r   =  1.31  ohms 
L  =  1.84X10-' A 
g  =  1.0X10-*  mho 
C  =  0.0172X10-V 

the  attenuation  of  a  traveling  wave  or  impulse  is : 

tt/o  -  0.00217 
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hence,  for  a  distance  or  length  of  line  of  /  »  2000  miles: 

,-4.34 

-  0.0129 

that  is,  the  wave  is  reduced  to  1.29  per  cent,  of  its  original  value 
The  best  value  of  inductance  is,  by 

L  «  —  C  =  0.0226  h 
g 

and  in  this  case,  the  attenuation  constant  becomes: 

w^  -  0.00114 
and  thus: 

-  0.1055 

or  10.55  per  cent  of  the  original  value  of  the  wave. 

In  tliis  telephone  circuit,  by  adding  per  mile  an  additional 
inductance  of: 

22.5-1.84  -  20.7  mh. 

the  intensity  of  the  arriving  wave  is  increased  from  1.29  per  cent. 
to  10.55  per  cent,  or  more  than  8  times. 

If  however,  in  wet  weather,  the  leakage  increases  to  the  value : 

g  =  5XlO-* 

in  the  unloaded  line,  it  is: 

w^  =  0.00282 
£-« 'o'  =  0.0035 

while  in  the  loaded  line,  it  is: 

Wo  ==  0.00341 
e-V  -0.0011 

and  while  with  the  unloaded  Une,  the  arriving  wave  is  still 
0.35  per  cent,  of  the  outgoing  wave,  in  the  loaded  line,  it  is  only 
0.11  per  cent.;  that  is,  in  this  case,  loading  the  Une  with  in- 
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ductance  has  badly  spoiled  telephonic  communication  and  in- 
creased the  decay  of  the  wave  more  than  three-fold.  A  loaded 
telephone  line  is  much  more  sensitive  to  changes  of  leakage  g, 
that  is.  to  meteorological  conditions. 

18.  The  equation  of  the  traveling  wave  (67) : 

e  -  e-^^e-"^  J€+'*(i4iCos^i>  +  i4isin9e?)+€-'*{>l,cosgi? 

-^-A/^nqd)]  (67) 

can  be  reduced  to  the  form: 

e  =  €-«'^  \Ei  «-"^l  (€+'*!  -  €-'*!)  sin  9  l?i  +£,  €^"^2  (€+/*2  - 

e-'*2)cos^i»,|  (69) 

where: 

Any  traveling  wave  can  be  resolved  into,  and  considered  as 
consisting  of,  a  combination  of  2  waves:  the 

Traveling  Sine  Wave: 

e,  =  E,  €-«'^  £-«^  (s+'*i  -  €-/*!)  sin  q  d^  (70) 

Traveling  Cosine  Wave: 

e^  «  £,  e-"'^  €-«^2  (€+'*2  -  e-/*2)  cos  q  dj  (71) 

Since  q  is  a  large  quantity  compared  with  w  and  /,  the  two 
component  traveling  waves,  (70)  and  (71),  differ  appreciably 
from  each  other  in  appearance  only  for  very  small  values  of  i?, 
that  is,  near  i?i  =  0  and  t?,  ^=  0. .  The  traveling  sine  wave 
rises  in  the  first  half  cycle  very  slightly,  while  the  traveling 
cosine  wave  rises  rapidly,  i.e.,  the  tangent  of  the  angle  which 

de 
the  wave  makes  with  the  horizontal,  or  t— ,  equals  0  with  the 

sine  wave,  and  has  a  definite  value  with  the  cosine  wave. 

All  traveling  waves  in  an  electric  circuit  can  be  resolved  into 
constituent  elements,  traveling  sine  waves  and  traveling  cosine 
waves,  and  the  general  traveUng  wave  consists  of  four  com- 
ponent waves,  a  sine  wave,  its  reflected  wave,  a  cosine  wave, 
and  its  reflected  wave. 


Digitized  by  VjOOQIC 


1908]  CIRCUIT  EQUATIONS  mi 

The  elements  of  the  traveling  wave,  the  traveling  sine  wave 
e^,  and  the  traveling  cosine  wave  e^t  contain  4  constants: 

The  intensity  constant:  E 

The  attenuation  constant:  w  respectively  w^ 

The  frequency  constant:  q 

And  the  constant:  / 

The  wave  starts  from  zero,  builds  up  to  a  maximum,  and  then 
gradually  dies  out,  to  zero  at  infinite  time. 

The  absolute  term  of  the  wave,  that  is,  the  term  which  rep- 
resents the  values  between  which  the  wave  oscillates,  is: 

e^"  E  «-•*  «-«^  («+/*  -  e-'«)  (72) 

This  term  e^  may  be  called  the  amplitude  of  the  wave.  The 
amplitude  e^  is  a  maximum  for  the  value  of  iJ,  given  by: 

de 
—4  —  0 


and,  substituting  this  value  into  the  equation  of  the  absolute 
term  of  the  wave,  (72),  gives: 


The  rate  of  building  up  of  the  wave,  or  the  steepness  of  the 
wave  front,  is  given  by: 


Go 


2 /£«--" 


It  is  a  maximum,  that  is,  t9,  a  minimum,  for  the  value  of  /, 
in  equation  (73),  given  by: 

or: 
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or  the  standing  wave,  which  rises  infinitely  fast,  that  is,  appears 
instantly. 

The  smaller  therefore  /  is,  the  more  rapidly  is  the  rise  of  the 
traveling  wave,  and  /  may  be  called  the  acceleration  constant  of 
the  traveling  wave. 

d  is  the  time  counted  from  the  beginning  of  the  wave. 

Since : 

if  we  change  the  zero  point  of  the  distance,  that  is,  count  the 
distance  X  from  that  point  of  the  line,  at  which  the  wave  starts 
at  time  ^  =  0,  or  in  other  words,  count  time  t  and  distance  X 
from  the  origin  of  the  wave,  it  is: 

d  =  t-r 
and  the  traveling  wave  so  may  be  represented  by : 
The  amplitude : 

e^  =  ££-«'' (£+/*-e-^*) 
The  sine  wave: 

e^=^  E  £-«"  (£+'*  -  €-'•')  sin  9  I?  =  e^  sinqd  \       (74) 

The  cosine  wave: 

e2  =  E  e~«''  (£+^*  —  £""'*)  cos  qi}  =  e^  cos  q  d 

and  d  ^  t  —  X  can  be  considered  as  the  distance,  counting  back- 
wards from  the  wave  front,  or  the  distance  counted  with  the 
point  X,  which  the  wave  has  just  reached,  as  zero  point,  and  in 
opposite  direction  to  X,  or  as  the  time,  counting  from  the  mo- 
ment of  the  arrival  of  the  wave  front. 

Equation  (74)  represents  the  distribution  of  the  wave  along 
the  Hne,  at  the  moment  t,  or  the  variation  of  the  wave  with  the 
time,  at  a  point  X. 

As  seen,  the  wave  maintains  its  shape,  but  progresses  along 
the  Hne,  and  at  the  same  time  dies  out,  by  the  time  decrement 

19.  As  an  instance  may  be  considered  a  traveling  wave  of  the 
constants : 

w  =  115 

/    =  45 
g  -  2620 
£-100 
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hence: 

e^  =  100€-"*'(e-^«*-£-^) 
«  100  €-""  ir'^  -  e-**w) 
where: 

•  In  Fig.  2  is  shown  the  amplitude  e^,  as  function  of  the  dis- 
tance X,  for  the  different  values  of  time: 

/  -  2,  4,  8,  12,  16.  20,  24  and  32XlO-« 

with  the  maximum  amplitude  e^y  in  dotted  line,  as  envelope  of 
the  curv^es  of  e^. 

As  seen,  the  amplitude  of  the  wave  gradually  rises,  and  at 
the  same  time  spreads  over  the  line,  reaching  the  maximum  at 
the  starting  point  ^  «=  0  at  the  time  t^  =  9.2X10~*  sec,  and 
then  decreases  again  while  continuing  to  spread  over  the  line, 
until  it  gradually  dies  out. 

It  is  interesting  to  note. that  the  distribution  cun^es  of  the 
amplitude  are  nearly  straight  lines,  but  also,  that  even  in  the 
longest  power  transmission  line  the  wave  has  reached  the  end 
of  the  line,  and  reflection  occurs,  before  the  maximum  of  the 
wave  is  reached:  the  unit  of  length  X  is  the  distance  traveled 
by  the  wave  per  second,  or  188,000  miles,  and  during  the  rise 
of  the  wave,  at  the  origin,  from  its  start  to  the  maximum,  or 
9.2X10"'  sec,  the  wave  has  traveled  1760  miles,  thus  the  re- 
flected wave  would  have  returned  to  the  origin  before  the  max- 
imum of  the  wave  is  reached,  if  the  circtiit  is  shorter  than  880 
miles. 

Fig.  3  shows  the  passage  of  the  traveling  wave  \e^  =  e^  sin  q  d, 
across  a  point  X  of  the  line,  with  the  local  time  d  as  abscissas, 
and  the  instantaneous  values  of  e^  as  ordinates.  The  values 
are  given  for  >l  =  0,  where  i>  =  ^;  for  any  other  point  of  the 
line,  A,  the  wave  shape  is  the  same,  but  all  the  ordinates  reduced 
by  the  factor  £"^**^  in  the  proportion  as  shown  in  the  dotted 
curve  in  Fig.  2. 

Fig.  4  shows  the  beginning  of  the  passage  of  the  traveling 
wave  across  a  point  >l»0  of  the  line,  that  is,  the  starting  of  a 
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wave,  or  its  first  one  and  one-half  cycles,  for  the  trigonometric 
functions  differing  successively  by  45  degrees,  that  is, 

•   fj  -»  ^,  sin  g  i> 

e^  »  e^  cosqd  «  e^  sin  ( 7«> -f--^-) 
^-  -  ..cos    (q&+^)  =  ..  sin  (q&+^) 


^•- 


the  first  curve  of  Fig.  4  so  is  the  beginning  of  Fig.  3. 

In  waves  traveling  over  a  water  surface,  shapes  like  Fig.  4- 
can  be  observed. 

For  the  purpose  of  illustration,  however,  in  Fif(s.  3  and  4 
the  oscillations  are  shown  far  longer  than  usually  occur:  the 
value:  q  =  2620,  corresponds  to  a  frequency:  ^V  =  418  cycles, 
while  traveling  waves  are  more  common  of  frequencies  from 
100  to  10,000  times  as  high. 

20.  A  specially  interesting  traveUng  wave  is  the  wave  in 
which: 

/  =»  u; 

since  in  this  wave  the.  time  decrement  of  the  first  main  wave 
and  its  reflected  wave  vanishes: 

e-(— /)/  =  0 

that  is,  the  first  main  wave  and  its  reflected  wave  are  not  tran- 
sient, but  permanent,  that  is,  alternating  waves,  and  the  equa- 
tions of  the  first  main  wave  give  the  equation  of  the  alternating- 
current  circuit  with  distributed  r,  L,  g,  C,  which  appears  as 
a  special  case  of  a  traveling  wave. 

Since  in  this  case,  the  frequency,  and  so  the  value  of  q  is 
low,  and  comparable  with  w  and  /,  the  approximations  made  in 
the  previous  discussion  of  the  traveling  wave  are  not  permis- 
sible, but  the  general  equations  have  to  be  used. 

Substituting  therefore  in  (29)  and  (30) : 

/-u; 
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gives: 


{Cj  cos  (g<  -  *tt)  +  C/  sin  (qt-  ku)\  -  e+**  jC,  cos 
(g<+Jb*)  +  C,'  sin  (g/+few)}l  -  €"»•'  [e**-  {C,  cos 
(qt-^-kui+C/^n  (qt-^ku)\  -c+*-  jC,cos  (g<-*li)  + 
C,' sin  (g/- *«)  1]  (75) 

and: 

€  =  [€"**  j(c/  C/  —  ^1  Cj)  cos  (qt  —  tw)  —  (c/  Cj+Cj  C/)  sin 
(9/  -  *«)!+£+*«  {(c/  C,'  -  c,  C,)  cos  (qt-^-ku)  - 
(c/  C,+c,  C,0  sin  ((7/+*«)j]-h€-»«"  [e-*-  j(c,'  C/- 
^,  CJ  cos  (^+/?w)  —  (c,'  C^  +  ^j  C/)  sin  (^  +  Arii)H- 
c+*-  I  (^,'  C,'  -  c,  Q  cos  (g<  -  Am)  -  (c/  C^  +  c,  C/) 
sin(g*-Arw)n  (76) 

n  these  equations  of  current  i  and  voltage  e,  the  first  term 
represents  the  usual  equations  of  the  distribution  of  alternating 
current  and  voltage  in  a  long  distance  transmission  line,  and 
can  by  the  substitution  of  complex  quantities  be  reduced  to  the 
form  usually  given. 

The  second  term  is  a  transient  term  of  the  same  frequency. 
That  is: 

In  a  long  distance  transmission  line  or  other  circuits  of  dis- 
tributed r,  L,  g,  C,  when  traversed  by  alternating  current  under 
an  alternating  impressed  voltage,  at  a  change  of  circuit  condi- 
tions a  transient  term  of  fundamental  frequency  may  appear, 
which  has  the  time  decrement,  that  is,  dies  out  at  the  rate: 


.-3iin 


-ii^^y 


It  is  interesting  to  note,  that  here  the  general  equations  of 
alternating-current  long  distance  transmission  appear  as  a 
special  case  of  the  equation  of  the  traveling  wave,  and  indeed 
can  be  considered  as  a  section  of  a  traveling  wave,  in  which  the 
acceleration  constant  /  equals  the  exponential  decrement  w, 
and  the  attenuating  constant  a  of  the  usual  transmission  line 
equation  is  the  constant  h ;  the  wave  length  constant  fi  is  the 
constant  k. 
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.  V.     Free  Oscillations. 

21.  The  general  equations  of  the  electric  circtdt  (29)  and  (30), 
contain  8  terms:  4  waves,  2  main  waves  and  their  reflected 
waves,  and  each  wave  consists  of  a  sine  term  and  a  cosine  term. 

The  equations  contain  5  constants: 
The  frequency  constant  q 
The  wave  length  constant  k 
The  time  attenuation  constant  w 
The  distance  attenuation  constant  k 
The  time  acceleration  constant  / 

of  which  the  time  attenuation  te;  is  a  constant  of  the  circuit, 
independent  of  the  character  of  the  wave. 

By  the  value  of  the  acceleration  constant  /,  waves  may  be 
subdivided  into: 

/  =  0:  standing  waves, 

w>f>0:  traveling  waves 

f  =^  w:  alternating,  current  and  voltage  waves.- 

The  general  equations  contain  8  integration  constants  C  and 
C,  which  have  to  be  determined  by  the  terminal  conditions  of 
the  problem. 

Upon  the  values  of  these  integration  constants  C  and  C 
largely  depends  the  difference  between  the  phenomena  occurring 
in  electric  circuits,  as  those  due  to  direct  currents  or  pulsating 
currents,  alternating  currents,  oscillating  currents,  inductive 
discharges,  etc.,  and  the  study  of  the  terminal  conditions  is  of 
the  foremost  importance. 

Free  oscillations  are  understood  as  the  transient  phenomena 
occurring  in  an  electric  circtdt  or  part  of  the  circuit,  to  which 
neither  electric  energy  is  supplied  by  some  outside  source,  nor 
electric  energy  abstracted  therefrom. 

Free  oscillations  thus  are  the  transient  phenomena  resulting 
from  the  dissipation  of  the  energy  stored  in  the  electric  field  of 
the  circuit,  or  inversely,  the  accumulation  of  the  energy  of  the 
electric  field,  and  their  appearance  so  presupposes  the  possibility 
of  ener^  storage  in  more  than  one  form,  so  as  to  allow  an 
interchange  or  surge  of  ener^  between  its  different  forms, 
electromagnetic  and  electrostatic  energy.  Free  oscillations 
occur  only  in  circwts  containing  capacity  C  as  well  as  induct- 
ance L, 
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The  absence  of  energy  supply  or  abstraction  so  defines  the 
free  oscillations  by  the  conditions,  that  the  power  />  =  ^  i  at 
the  two  ends  of  the  circuit  or  section  of  the  circuit  must  be  zero 
at  all  times,  or  the  circuit  must  be  closed  upon  itself. 

With  a  circuit  of  unifonnly  distributed  constants,  the  latter 
case  is  not  realized,  but  is  of  foremost  importance  in  a  complex 
circuit,  that  is,  a  circuit  comprising  sections  of  diflFerent  constants. 

Representing  then  the  two  ends  of  the  electric  circuit  by 
tt  =  0  and  w  ="  /,  that  is,  coimting  the  distance  from  one  end 
of  the  circuit,  the  condition  of  a  free  oscillation  is: 

«  =  0:  p  =  0: 

u^h  p  -  0. 

since  p  ^  £%,  this  means  that  at  u  —  0  and  u  «  /,  either 
e  or  i  must  be  zero. 

This  gives  4  sets  of  terminal  conditions: 

1.  ^  =  0  at  u  =  0;  ;  =  0  at  w  =  /. 

■  2.  *  =  0  at  «  =  0;  ^  =  o  at  u  =  /. 

3.  ^  =  0  at  w  =  0;  ^  =  0  at  w  =  /. 

4.  i  =  0  at  li  =  0 ;  ;  =  0  at  w  =  /. 

Case  2  represents  the  same  condition  as  1,  merely  with  the 
distance  u  counting  from  the  other  end  of  the  circuit:  a  line 
open  at  one  end,  grounded  at  the  other  end.  Case  3  represents 
a  circuit  open  at  both  ends,  and  Case  4  a  circuit  grounded  at 
both  ends. 

Substituting  these  terminal  conditions  into  the  general  equa- 
tions it  follows: 

that  is,  the  free  oscillation  of  a  circuit  is  a  standing  wave. 
And  also: 

if  e  =  0  at  one,  i  =  0  at  the  other  end  of  the  circuit,  and 

kl  ^nn  (78) 

if  either  ^  ^^  0  at  both  ends  of  the  circuit,  or  t  =  0  at  both  ends 
of  the  circuit. 
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From  (77)  it  follows,  that 

*        2 

or  an  odd  multiple  thereof.  That  is,  the  longest  wave  which 
can  exist  in  the  circuit,  is  that  which  makes  the  circuit  a  quarter 
wavelength.  Besides  this  fundamental  wave,  all  its  odd  mul- 
tiples can  exist.  Such  an  oscillation  may  be  called  a  quarter 
wave  oscillaiion. 

The  oscillation  of  a  circuit,  which  is  open'^t'^one^ena,  grotmded 
at  the  other  end,  is  a  quarter  wave  oscillation,  which  can  con- 
tain only  the  odd  harmonics  of  the  fundamental  wave  of  oscilla- 
tion. 

From  (78)  it  follows,  that 

or  a  multiple  tuereol.  That  is,  the  longest  wave,  which  can 
exist  in  such  a  circuit,  Is  that  wave,  which  makes  the  circuit 
a  half  wave  length.  Besides  this  fundamental  wave,  all  its 
multiples,  odd  as  well  as  even,  can  exist.  Such  an  oscillation 
may  be  called  a  half  wave  oscillatum. 

The  oscillations  of  a  circuit  which  is  open  at  both  ends,  or 
grounded  at  both  ends,  is  a  half  wave  oscillation,  and  a  half 
wave  oscillation  can  also  contain  the  even  harmonics  of  th« 
fundamental  wave  of  oscillation,  and  so  also  the  constant  term, 
f or  »  -  0  in  (78). 

It  is  interesting  to  note,  that  in  the  hall  wave  oscillation  of  a 
circuit,  we  have  a  case  of  a  circuit,  in  which  eiMn  higher  har- 
monics exist,  and  the  electromotive  force  and  current  wave  are 
not  symmetrical. 

22.  From  A  «  0  follows,  by  equation  (35) : 


0,     if:    k^>LCfr?, 


and: 


g  =  0,     if:    k^<LCm\ 
The  sm^est  value  of  k,  which  can  exist,  is,  by  equation  (77) : 


TT 

21 
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and,  as  discussed  in  paragraph  (15),  this  value  in  high 
potential  high  power  circuits  usually  is  very  much  laiger 
than  L  C  m',  so  that  the  case :  g  =  0,  is  realized  only  in  ex- 
tremely long  circuits,  as  long  distance  telephone  or  submarine 
cable,  but  not  in  transmission  hnes,  and  the  first  case:  /  =»  0, 
is  mainly  of  importance. 

Substituting  therefore:  //  =  0  aad  /  =  0,  dropping  terms  of 
higher  order,  and  rearranging,  finally  gives  the 

Equations  of  the  Free  Oscillation: 


i  ="  2A  €"«"  jcos  {qt  —  ku  —  Y)±cQS  (^<  +  *w  — /-)  j 

e  «  -J-p^-Tile"""  {cos(q/  — *«  — /-)  Tcos  (g/  +  few  — y-)! 


(79) 


While  the  free  oscillation  of  a  circuit  is  a  standing  wave, 
the  general  standing  wave,  as  represented  by  equations  (59) 
and  (60),  with  4  integration  constants  A^,  i4/,  A^,  A^\  is  not 
necessarily  a  free  oscillation. 

To  be  a  free  oscillation,  the  power  e  i,  that  is,  either  e  or  t,  must 
be  zero  at  two  points  of  the  circuit,  the  ends  of  the  circuit  or 
section  of  circmt,  which  oscillates. 

This  gives: 

^I'  +  ^i''  -  A^-VA^'^ 

as  the  condition,  which  must  be  fulfilled  between  the  integra- 
tion constants,  to  make  a  standing  wave  a  free  oscillation,  and 
as  can  easily  be  shown: 

if  the  integration  constants  of  a  standing  wave  fulfil  the  con- 
dition : 

^i'  +  ^/'  -  A^^^A^*^  »  & 

the  circuit  of  this  wave  contains  points  tij^,  distant  from  each 
other  by  half  a  wave  length,  at  which  ^  =  0,  and  points  u,, 
distant  from  each  other  by  half  a  wave  length,  at  w^ich  1=0, 
and  the  points  w,  are  intermediate  between  the  points  Wj,  that 
is,  distant  therefrom  by  one-quarter  wave  length.  Any  section 
of  the  circuit,  from  a  point  u^  or  tij,  to  any  other  point  u^  or  u, 
then  is  a  free  oscillating  circuit. 

In  the  free  oscillation  of  the  circuit,  either  the  circuit  is  bounded 
by  one  point  Wj  and  one  point  w,,  that  is,  the  voltage  is  zero  at 
one  end,  and  the  current  zero  at  the  other  end  of  the  circuit, 


Digitized  by  VjOOQIC 


1906] 


CIRCUIT  EQUATIONS 


1279 


and  the  circuit  then  is  a  quarter  wave  or  an  odd  multiple  thereof, 
or  the  circuit  is  bounded  by  two  points  w,,  or  by  two  points  w,, 
and  then  the  voltage  is  zero  at  both  ends  of  the  circuit,  or  the 
current  is  zero  at  both  ends  of  the  circuit,  and  in  either  case 
the  circuit  is  one  half  wave  or  a  multiple  thereof. 

23.  Choosing  one  of  the  points  u^  or  u,  as  starting  point  of 
the  distance,  and  introducing  again  the  velocity  of  propagation 
as  unit  distance: 


X^  au 

"S/LC 

and  denoting: 

Of 

2jr  ,       2«  WC 

(80) 


That  is,  representing  a  complete  cycle  of  the  fundamental 
frequency,  or  complete  wave  in  time,  by  ^  =  2  tt,  and  a  com- 
plete wave  in  space,  by  a>  =  2  ;r. 


A.  Quarter  Wave  Oscillation: 

(a)  e  =  0  at  u  =  0  (or:  ft;  =•  0) : 


00 


e  ^  er^  2»  Bn  sin  (2  w+ 1)  a;  sin  [(2  n+ 1)  ^  +  fn] 


00 


-  V-^  e-""  2«5n  cos  (2  «+  1)  (o  cos  [(2  «+ 1)  ^  +  ^„] 

0 

(fc)  i  =  0  at  ii  =  0  (or:  a>  »  0) : 

00 

-=  e~«"  2«  ^«  ^^^  (2  w+ 1)  a;  cos  [(2  n+ 1)  <f>-^rn\ 

0 

J—,  QC 

»  V~;£-«"2"^«s*^(2n  +  l)  a>sin[(2n-t-l)0  +  j'nl 

0 


(81) 


(82) 
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B.  Half-Wave  Oscillation: 

(a)  e  «  0  at  w  =  0  (or:  a;  «  0) : 

GO 

e  =  £"«*  ^«  Bn  sin  n  («;  sin  (n  ^  +  ;'n) 

0 

GO 

V  «   V  -y  «^""  ^*  Bn  cos  n  to  COS  («  ^-hy-n) 

0 

(b)  i  -  0  at  M  =  0  (or:  ft;  =  0) : 

00 

.    =  e~«"  ^j«  Bncosncjcos  (n<f>-\'yn) 

0 

00 

i  =  V-^  €-«''  ^-  Bn  sin  n  w  sin  (n^-hXn) 

0 


where: 


0«  — / 


2  n\/TT; 

0)  =  ; « 


(83) 


(84) 


(85) 


and: 


jlj  «  4  /  \^LC  in  a  quarter- wave, 

=  2  /  s/TTC  ^^  ^  half- wave  oscillation. 


kUf 


fi"2 


5T* 


(m 


(87) 


jlp  is  the  wave  length,  and  thus  l/X^  the  frequency,  of  the  funda- 
mental wave,  with  the  velocity  of  propagation  as  distance  unit. 

It  is  interesting  to  note,  that  the  time  decrement  of  the  free 
oscillation,  £"*",  is  the  same  for  all  frequencies  and  wave  lengths, 
and  that  the  relative  intensity  of  the  different  hannonic  com- 
ponents of  the  oscillation,  and  thereby  the  wave  shape  of  the 
oscillation,  remains  unchanged  during  the  decay  of  the  oscilla- 
tion. 

This  result,  analogous  to  that  found  in  the  discussion  on 
traveling  waves,  obviously  is  based  on  the  assumption,  that  the 
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constants  of  the  circtut  do  not  change  with  the  frequency.  This, 
however,  is  not  perfectly  true;  at  very  high  frequencies,  r  in- 
creases, due  to  unequal  current  distribution  in  the  conductor, 
and  L  shghtly  decreases  hereby,  g  increases  by  the  energy 
losses  resulting  from  brush  discharges  and  from  electrostatic 
radiation,  etc.,  so  that  in  general,  at  very  high  frequency,  an 
increase  of  r/L  and  g/C,  and  so  of  w  may  be  expected,  that  is. 
a  greater  rapidity  of  the  dying  out  of  very  high  harmonics. 
This  would  result  in  smoothing  out  the  wave  shape  with  increas- 
ing decay,  that  is,  making  it  more  approach  the  ftmdamental 
and  its  lower  harmonics. 

24.  The  equations  of  a  free  oscillation  of  a  circuit,  as  quarter 
wave  or  half  wave,  still  contain  the  pairs  of  integration  constants 
Bn  and  j^,,,  representing  respectively  the  intensity  and  the 
phase  of  the  ftth  harmonic. 

These  pairs  of  integration  constants  are  determined  by  the 
terminal  conditions  of  time,  that  is,  they  depend  upon  the 
amount  and  the  distribution  of  the  stored  energy  of  the  circuit 
at  the  starting  moment  of  the  oscillation,  or  in  other  words,  on 
the  distribution  of  current  and  voltage  at  /  =  0. 

The  voltage  e^  and  current  i^,  at  time  /  =  0,  can  be  expressed 
as  an  infinite  series  of  trigonometric  functions  of  the  distance  m, 
that  is,  the  distance  angle  a;,  or  a  Fourier  series  of  such  char- 
acter as  also  to  fulfil  the  terminal  conditions  in  space,  as  dis- 
cussed above,  that  is,  e  =  0  respectively  *  =  0  at  the  ends  of 
the  circuit. 

The  voltage  and  current  distribution  in  the  circuit,  at  the 
starting  moment  of  the  oscillation,  t  «  0  respectively  ^  =  0,  so 
determines  the  integration  constants  in  the  usual  manner. 

25.  As  an  instance  the  discharge  of  a  transmission  line  may 
be  considered: 

A  circuit  of  length  /  is  charged  to  a  uniform  voltage  E,  while 
no  current  passes  in  the  circuit.  This  circuit  then  is  grounded 
at  one  end,  while  the  other  end  remains  insulated. 

Let  the  distance  be  counted  from  the  grounded  end,  and  the 
time  from  the  moment  of  grounding. 

The  terminal  conditions  then  are: 


(a) 

W  ^ 

-.  0: 

e 

-  0 

(O  « 

=  ;r/2: 

i 

=  0 

(b) 

at  ^  =  0: 

€ 

«  0  for:  (u 

-0;e 

= 

Efor: 

<o±0 

• 
t 

«  0  for:  (o 

±0;i 

= 

indefinite  for; 

;  w 

-  0, 
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The  distribution  of  voltage  e^  and  current  i^  in  the  circuit, 
at  the  starting  moment  ^  =  0,  can  be  expressed  by  the  Fourier 
series,  and  it  is, 

00 


sin  (2  n  -f  1)  «;  cos  (2  n  +  1 )  ^ 


2W-M 

.  _  4  £a/C  _^,  "^^  cos(2n+l)6>sin(2ff+l)<|> 
*  "     ;r     ^    L^        ^  2n+l 

Choosing  the  constants: 

/    =  120  miles 
r   =  0.41  ohms 
L  =  1.95X10-»A 
g   =  0.25  XlO-«  mho 
C  =  0.0162X10-"/ 
E  =  40,000  volts. 

e  ^  51,000  e"®****   {sin  (o  cos  0  + J  sin  3  (o  cos  3  ^  +  ^  sin  5  (d  cos 
5^+    .    .    .    }  volts 

i  =  147.2  £-^'*^   {cos  w  sin  ^4-i  cos  3  a;  sin  3  ^  +  i  cos  5  (i/  sin 
5^+    .    .    .    }  amperes. 

VI.    Transition  Points  and  the  Complex  Circuit. 

26,  The  discussions  of  standing  waves  and  free  oscillations, 
and  traveling  waves,  in  the  preceding,  directly  apply  only  to 
simple  circuits,  that  is,  circuits  comprising  a  conductor  of  uni- 
formly distributed  constants  r,  L,  g,  C.  Industrial  electric  cir- 
cuits, however,  never  are  simple  circuits,  but  are  always  com- 
plex circuits  comprising  sections  of  different  constants,  gen- 
erator, transformer,  transmission  lines  and  load ;  and  a  simple 
circuit  is  realized  only  by  a  section  of  a  circuit,  as  a  transmission 
line  or  a  high  potential  transformer  coil,  which  is  cut  off  at 
both  ends  from  the  rest  of  the  circuit,  either  by  open  circuiting: 
i  =  0,  or  by  short  circuiting:  e  =  0.  Approximately,  the  simple 
circuit  is  realized  by  a  section  of  a  complex  circuit,  connecting 
to  other  sections  of  very  different  constants,  so  that  the  ends 
of  the  circuit  can,  approximately,  be  considered  as  reflection 
points.  For  instance,  an  underground  cable,  of  low  L  and  high 
C,  when  connected  to  a  large  reactive  coil,  of  high  L  and  low  C, 
may,  approximately,  at  its  ends  be  considered  as  having  reflec- 


I 
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tion  points:  *  «  0.  A  high  potential  transformer  coil,  of  high  L 
and  low  C,  when  connected  to  a  cable,  of  low  L  and  high  C, 
may  at  its  ends  be  considered  as  having  reflection  points:  ^=0. 
That  is,  in  other  words,  in  the  first  case  the  reactive  coil  may  be 
considered  as  stopping  the  flow  of  current,  in  the  latter  case 
the  cable  considered  as  short  circuiting  the  transformer.  This 
approximation  however,  while  frequently  relied  upon  in  engi- 
neering practice,  and  often  permissible  for  the  circuit  section 
in  which  the  transient  phenomenon  originates,  is  not  per- 
missible in  considering  the  effect  of  the  phenomenon  wi  the 
adjacent  sections  of  the  circuit.  For  instance,  in  the  first  case 
above  mentioned,  a  transient  phenomenon  in  an  underground 
cable  connected  to  a  high  reactance:  the  current  and  voltage 
in  the  cable  may  approximately  be  represented  by  considering 
the  reactive  coil  as  a  reflection  point,  that  is,  an  open  circuit, 
since  only  a  small  current  enters  the  reactive  coil.  Such  a 
small  current,  entering  the  reactive  coil,  may  however,  give  a 
very  high  and  destructive  voltage  in  the  reactive  coil,  due  to 
its  high  L,  and  so  in  the  circuit  beyond  the  reactive  coil.  In 
the  investigation  of  the  effect  of  a  transient  phenomenon  orig- 
inating in  one  section  of  a  complex  circuit — as  an  oscillating  arc 
on  an  undergroimd  cable — on  other  sections  of  the  circuit — as 
the  generating  station — even  a  very  great  change  of  circuit 
constants,  cannot  be  considered  as  a  reflection  point.  Since 
this  is  the  most  important  case  met  in  industrial  practice,  as 
disturbances  originating  in  one  section  of  a  complex  circuit 
usually  develop  their  destructive  effects  in  other  sections  of  the 
circuit,  the  investigation  of  the  general  problem  of  a  complex 
circuit  comprising  sections  of  different  constants  becomes 
necessary.  This  requires  the  investigation  of  the  changes  oc- 
curring in  an  electric  wave,  and  its  equations,  when  passing 
over  a  transition  point  from  one  circuit  or  section  of  a  circuit 
into  another  section  of  different  constants. 

The  equations  (29)  and  (30),  while  most  general,  are  less 
convenient  for  studying  the  transition  of  a  wave  from  one  circuit 
to  another  circuit,  of  different  constants,  and  since  in  industrial 
high  voltage  circuits  at  least  for  waves  originating  in  the  cir- 
cuits, q  and  k  are  very  large  compared  with  /  and  A,  as  discussed 
before,  /  and  h  may  be  neglected  compared  with  q  and  k.  This 
gives  the  equations  (45)  and  (46),  or,  substituting  (47)  and  re- 
versing the  sign  of  >l,  that  is,  cotmting  the  distance  in  opposite 
direction: 
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»  *  «-""  {e-m-')  [Ci  cos  9  (A  -  <)  +  C, '  sin  g  (/I -  0] 

-  e+*('+0  [C,  cosqiX  +  t)+Cj'  sin  ?  (/I  +  01 
+ «+'('-')  [C,  cos  g  (A  -  0  +  C, '  sin  ?  (>l  -  /)] 

-  «-'('+')  [C^cosq(X  +  t)+C/  sin  q  (>l  +  /)]! 

«  =  V^e--"  i «-'('-')  [Ci  cos  g  (A -0+C,' sin  q(;-<^] 
+e+'(*+')  [Cjcosg  (;  +  0)  +Ct'smqQ  +  t)] 
+e+m-0  [C.cosg  (A-0  4-C,'sing  (i-0] 
+ e-'y+O  [C«  cos  g  (A + 0  +  C/  sin  g  (A  4-  0]  I 

where  the  constants  are  given  by  equations  (37)  to  (43). 
Substituting: 

Ct^  +  Ct"  =  B* 


(88) 


(89) 


(00) 


=  tan  a 

=  tan/? 

=  tan;' 

c/ 

=  ta.  ^ 

(91) 


gives  these  equations  in  the  form: 

t  -  «-«"  j  i4  «-'y-0  cos  [q(i-t)-a]-B  «+'<»+')  cos  [g  (/H-  0  -  i?] 
+  C  e+fC^')  cos  [g  (;i-  t)~r]-D  e-'O+o  cos  [g(/l  +  0  - 
8]\  (92) 
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-VI.- 


•"  { A  £-'<^-')cosb(>l  -t)-a]  +  B  £+'<*+Ocosb(>l  +  0  -  /?] 

+  C  £+'(^-Ocos[g(A-/)  -  r]  +  £>  £-'(^+')cosb(;i-f  0  -  a]} 

(93) 

In  these  equations,  X  is  the  distance  co-ordinate,  using  the 
velocity  of  propagation  as  unit  distance,  and  at  a  transition 
point  from  one  circuit  to  another,  where  the  circuit  constants 
change,  the  velocity  of  propagation  also  changes,  and  so,  for 
the  same  time,  constants  /  and  q,  h  and  k,  also  change,  and  so 
ku,  but  transformed  to  the  distance  variable  X,  ku  ^  qX  remains 
the  same.  That  is,  by  introducing  the  distance  variable  >l,  the 
distance  can  be  measured  throughout  the  entire  circuit,  and 
across  transition  points,  at  which  the  circuit  constants  change, 
and  the  same  equations  apply  throughout  the  entire  circuit. 
In  this  case  however,  in  any  section  .of  the  circuit, 


X  ='  OfU 


(94) 


where  Li  and  Ci  are  the  inductance  and  the  capacity,  respec- 
tively, of  the  section  i  of  the  circuit,  per  unit  length ;  for  instance, 
per  mile. 

That  is,  in  a  complex  circuit,  the  time  variable  /  is  the  same 
throughout  the  entire  circuit,  or  in  other  words,  the  frequency 
of  oscillation,  as  represented  by  q,  and  the  rate  of  decay  of  the 
oscillation,  as  represented  by  the  exponential  function  of  time 
must  be  the  same  throughout  the  entire  circuit.  Not  so  how- 
ever with  the  distance  variable  u :  the  wave  length  of  the  oscilla- 
tion, and  its  rate  of  building  up  or  down,  along  the  circuit, 
need  not  be  the  same,  and  usually  are  not,  but  in  some  sections  of 
the  circuit,  the  wave  length  may  be  far  shorter,  as  in  coiled  cir- 
cuits in  transformers,  due  to  the  higher  L,  or  in  cables,  due  to 
the  higher  C,  To  extend  the  same  equations  over  the  entire 
complex  circuit,  it  therefore  becomes  necessary  to  substitute 
for  the  distance  variable  u  another  distance  variable  X  of  such 
character,  that  the  wave  length  has  the  same  value  in  all  sec- 
tions of  the  complex  circuit.  As  the  wave  length  of  the  sec- 
tion i  is     .  this  is  done  by  changing  the  unit  distance  by 

the  factor:  Ci  —  y/Li  d.    The  distance  unit  of  the  new  distance 
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variable  X  then  is  the  distance  traversed  by  the  wave  in  unit 
time,  hence  different  in  linear  measure,  for  the  different  sections 
of  the  circuit,  but  offers  the  advantage  of  carrying  the  distance 
measurements  across  the  entire  circuit  and  over  transition 
points,  by  the  same  distance  variable  >l. 

This  means,  that  the  length  w«-  of  any  section  *  of  the  complex 
circuit  is  expressed  by  the  length :  li  «=  a  Ui. 

The  introduction  of  the  distance  variable  >l  also  has  the  ad- 
vantage, that  in  the  determination  of  the  constants  r,  L,  g,  C, 
of  the  different  sections  of  the  circuit,  different  linear  distance 
measurements  u  may  be  used.  For  instance,  in  the  transmission 
line,  the  constants  may  be  given  per  mile,  that  is,  the  mile  used 
as  unit  length,  while  in  a  high  potential  transformer  coil  as  unit 
of  length  u  may  be  used  the  turn,  or  the  coil,  or  the  total  trans- 
former, so  that  the  actual  linear  length  of  conductor  may  be 
unknowi^.  For  instance,  choosing  the  total  length  of  conductor 
in  the  high  potential  transformer  as  unit  length,  then  the  length 
of  the  transformer  winding  in  the  velocity  measure  >l  is,  X^  =  VJTC^ 
where  L^  =  total  inductance,  C^—  total  electrostatic  capacity  of 
transformer. 

The  introduction  of  the  distant  variable  X  permits  the  rep- 
resentation, in  the  circuit,  of  apparatus  as  reactive  coils,  etc., 
in  which  one  of  the  constants  is  very  small  compared  with  the 
other,  and  so  is  usually  neglected,  and  the  apparatus  considered 
as  **  massed  inductance  "  etc.,  and  allows  the  investigation  of 
the  effect  of  the  distributed  capacity  of  reactive  coils  and 
similar  matters,  by  representing  the  reactive  coil  as  a  finite 
(frequently  quite  long)  section  of  the  circuit. 

27.  Let  X^f  ^1,  il„  .  .  .  Xn  be  a  number  of  transition  points, 
at  which  the  circuit  constants  change,  and  the  quantities  may 
be  denoted  by  index  1  in  the  section  from  X^  to  X^^  by  index  2 
in  the  section  from  X^  to  A,,  etc. 

At  X  =  Xit  it  then  must  be:  ii=t2»  ^i^'^al  thus,  substituting 
X=Xi  into  equations  (92)  and  (93),  and  equating,  gives  two 
identities,  from  which  it  follows: 

(96) 

that  is,  since  W2±Wi,  only  one  of  the  two  component  waves 
can  exist.  Since  these  two  waves  differ  from  each  other  only 
by  the  sign  of  /,  by  assuming  that  /  may  be  either  positive  or 
negative,  we  can  select  either  one  of  the  two  waves,  and  the 
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equations  (92)  and  (93),  or  (88)  and  (89)  so  assume  the  simpler 
forms: 

t  -  e-(«+')«  j^  f+ticos  ig  (A-  0  -  a]- Bf-'^cos  [g  (A  +  0  -/?]} 

e  -  J-^f-C^O«  j^«+/icos[g(il-0-al  +  Be-'^cos[g(;i+/)-/?]( 
^  ^  (96) 

i  -  e-(«+^)'  {£+'^  [A  cos  g  (;  -  0  +  B  sin  g  (>l  -  01  -  e"'^  [C  cos  g 
(>l+0+Z>sing(>l  +  0]i 

e  -  J-^ «-("'+')'  j«+'^[.4cosg(;i-0+Bsing(il-0]+e-''[Ccosg 

(i+0+^sing(;  +  01}  (97) 

where  /  may  be  positive  or  negative. 
It  is  then: 

Wl+/i  =•«/,  +  /,  =  W,+/,  =     .     .     .     -Wn  +  fn'-W.  (98) 

where  tc/p  w^,  w^,  etc.,  Wn,  are  the  time  constants  of  the  indi- 
vidual sections,  i  \T"^'^)*  ^^^  ^o  "^*^y  ^  called  the  resultant 

time  decrement  of  the  complex  circuit. 

The  identities :  i|  =»  i,  and  ^^  =  ^^  for  >l  =  ^j,  resolved  for  cos  qt 
and  sin  g/,  then  give  4  equations,  by  which  the  integration  con- 
stants i4,  B,  a,  /?,  or  i4,  B,  C,  Z),  of  one  section  of  the  circuit 
are  determined  by  those  of  the  adjoining  section,  by  the  ex- 
pressions : 

A^  =  £-'2^1  jai  e+'x^i  >li  +  ti  €~'i^i  (C,  cos  2  g  ^i  +  D,  sin  ' 

2g^)} 

B,  s,  t-hh  \a^   -^hh  B^  +  b^  t'hh  yd  sin  2  g  ili  -  Z>,  cos 

2g^)l 


C,  =-  £+'2ii  jai  £-'i^i  Ci  +  &i  6-»-'i^i  (.4i  cos  2  g  ^1  -  B|  sin 
2qX,)\ 

JD,  »  £+'2^1  ja,  «-'i'i  A+bi  «"^'i'i  (Ai  sin  2  g  ;,  -  Bi  cos 
2qX,)] 


►       (69) 
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where: 

"■-^ 

».-^ 

'.-^, 

"-^, 

duly  2 


(100) 


(101) 


28.  The  general  equation  of  current  and  voltage  in  a  complex 
circuit  consists  of  two  terms,  a  main  wave  and  its  reflected 
wave. 

The  factor  «"(«'+')'  m  e-*»o'  represents  the  time  decrement, 
or  the  decrease  of  the  intensity  of  the  wave  with  the  time, 
and  as  such  is  the  same  throughout  the  entire  circuit.  In  an 
isolated  section,  of  time  constant  w,  the  time  decrement,  was 
found  however  as  e""".  That  is,  with  the  decrement  s""",  the 
wave  dies  out  in  an  isolated  section  at  the  rate  at  which  its 
stored  energy  is  dissipated  by  the  power  lost  in  resistance 
and  conductance.  In  a  section  of  the  circuit  connected  to 
other  sections,  the  time  decrement  e~^o*  does  not  correspond 
to  the  power  dissipation  in  the  section,  that  is,  the  wave  does 
not  die  out  in  each  section  at  the  rate  as  given  by  the  power 
consumed  in  this  section,  or  in  other  words,  power  transfer 
occurs  from  section  to  section,  during  the  oscillation  of  a  complex 
circuit. 

If  /  is  negative,  m,  is  less  than  w,  and  the  wave  dies  out 
in  that  particular  section  at  a  lesser  rate  than  corresponds  to 
the  power  consumed  in  the  section,  or  in  other  words,  in  this 
section  of  the  complex  circuit,  more  power  is  consumed  by  r 
and  g  than  is  supplied  by  the  decrease  of  the  stored  energy, 
and  this  section  so  must  receive  energy  from  adjoining  sections. 
Inversely,  if  /  is  positive,  m^>w,  and  the  wave  dies  out  more 
rapidly  in  that  section  than  its  stored  energy  is  consumed  by 
r  and  g;  that  is,  a  part  of  the  stored  energy  of  this  section  is 
transferred  to  the  adjoining  sections,  and  only  a  part— occa- 
sionally a  very  small  part — dissipated  in  the  section,  and  this 
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section  acts  as  a  store  of  energy  for  supplying  the  other 
sections  of  the  system. 

The  constant  /  of  the  circuit  may  be  called  energy  transfer 
constant,  and  positive  /  means  transfer  of  energy  from  the  sec- 
tion to  the  rest  of  the  circuit,  and  negative  /  means  reception 
of  energy  from  other  sections. 

This  explains  the  vanishing  of  /  in  a  standing  wave  of  a 
uniform  circuit,  due  to  the  absence  of  energy  transfer,  and  its 
presence  in  the  equations  of  the  traveling  wave,  in  which  energy 
is  transferred  along  the  circuit,  and  in  the  alternating  current 
equations. 

It  follows  herefrom,  that  in  a  complex  drcmt,  some  of  the  / 
of  the  different  sections  must  always  be  positive,  some  negative. 

In  addition  to  the  time  decrement,  e"*©',  the  waves  in  equa- 
tions (96)  and  (97)  also  contain  the  distance  decrement  c"*"'^ 
for  the  main  wave,  £~'^  for  the  reflected  wave.  Negative  / 
means  a  decrease  of  the  main  wave  for  increasing  >t,  or  in  the 
direction  of  propagation,  and  a  decrease  of  the  reflected  wave 
for  decreasing  X,  that  is,  also  in  the  direction  of  propagation, 
while  positive  /  means  increase  of  main  wave  as  well  as  reflected 
wave,  in  the  direction  of  propagation  along  the  circuit.  That 
is  if  /  is  negative,  and  the  section  so  consumes  more  power 
than  is  given  by  its  stored  energy,  and  therefore  receives  power 
from  the  adjoining  sections,  the  electric  wave  decreases,  in  the 
direction  of  its  propagation,  showing  the  gradual  dissipation 
of  the  power  received  from  adjoining  sections.  Inversely,  if  / 
is  positive  and  the  section  so  supplies  power  to  adjoining  sec- 
tions, the  electric  wave  increases  in  this  section,  in  the  direction 
of  its  propagation. 

In  other  words,  in  a  complex  circuit,  in  sections  of  low  power 
dissipation,  the  wave  increases,  and  transfers  power  to  sections 
of  high  power  dissipation  in  which  the  wave  decreases. 

29.  Introducing  the  resultant  time  decrement  w,  of  the  com- 
plex circuit,  the  equations  of  any  section  can  be  expressed  by 
the  resultant  time  decrement  of  the  entire  complex  circuit,  m^, 
and  the  energy  transfer  constant  of  the  individual  section: 

f^m.-w  (102) 

in  the  form: 

i  -  e--o«  j«+'i [.4  cos q  (X'-t)-^B  Anq  (X-t)]" e"'^ [C cos q{X  +  t) 
+I>sin9(>l+01}  (103) 
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e  =»  V -^ ^"'"o'  J€+/^  [A  cos  9  (i  -  0  +B  sin  q  (A -  01+e"'^  [C cos q 

(^  +  0+Z>sing(>l  +  01} 

The  constants  A,  B,  C,  D,  are  the  integration  constants,  and 
are  such  as  given  by  the  terminal  conditions  of  the  problem, 
as  by  the  distribution  of  current  and  voltage  in  the  circuit  at 
the  starting  moment,  for  <  «  0,  or  at  one  particular  point,  as 
>l  =  0. 

The  constants  m^  and  q  are  dependent  upon  the  circuit  con- 
ditions: if  the  circuit  is  closed  upon  itself — as  usually  is  the  case 
with  an  electrical  transmission  or  distribution  circuit — ^and  A 
the  total  length  of  the  closed  circuit,  the  equations  must  for 
k  =i  A  give  the  same  values  as  for  ^  =  0,  and  therefore  qA  must 
be  a  complete  cycle  or  a  multiple  thereof:  2nn,    That  is* 

q ^  (104) 


and  the  least  value  of  q,  or  the  fundamental  frequency  of  oscilla- 
tion, is: 

and: 

q^nq^  (106) 

If  the  complex  circuit  is  open  at  both  ends,  or  grounded  at 
both  ends,  and  so  performs  a  half  wave  oscillation,  and  A^  = 
total  length  of  the  circuit,  it  is: 

n 

(107) 
?   =■  »»9. 

and  if  the  circuit  is  open  at  one  end,  grounded  at  the  other  end, 
so  performing  a  quarter  wave  oscillation,  and  A^  =  total  length 
of  circuit,  it  is: 


9. 

~  2  A, 

4 

-(2n- 

1)9. 

(108) 
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If  the  length  of  the  complex  circuit  is  very  great  compared 
with  the  frequency  of  the  oscillation,  q^  may  have  any  value. 
That  is,  if  the  wave  length  of  the  oscillation  is  Mery  short  com- 
pared with  the  length  of  the  circuit,  any  wave  length,  and  so 
any  frequency,  may  occur.  With  uniform  circuits,  as  trans- 
mission lines,,  this  latter  case,  that  is,  the  response  of  the  Une 
to  any  frequency,  can  occur  only  in  the  range  of  very  high  fre- 
quencies. That  is,  even  in  a  transmission  Une  of  several  hun- 
dred miles  length,  the  lowest  frequency  of  free  oscillation  is 
fairly  high,  and  frequencies,  which  are  so  high,  compared  with 
the  fundamental  frequency  of  the  circuit,  that,  considered  as 
higher  harmonics  thereof,  they  overlap,  must  be  extremely 
high,  of  the  magnitude  of  a  miUion  cycles.  In  complex  circuits 
however,  the  fundamental  frequency  may  be  very  much  lower, 
and  below  machine  frequencies,  as  the  velocity  of  propagation 

y  may  be  quite  low  in  some  sections  of  the  circuit,  as  the 

high  potential  coils  of  large  transformers,  and  the  presence  of 
iron  increases  the  inconstancy  of  L  'for  high  frequencies,  so  that 
in  such  a  complex  circuit,  even  at  fairly  moderate  frequencies, 
of  the  magnitude  of  10,000  cycles,  the  circuit  may  respond  to 
any  frequency. 

The  constant  m^  also  is  determined  by  the  circuit  constants. 
Upon  w,  depends  the  energy  transfer  constant  of  the  circuit 
section,  and  thereby  the  rate  of  building  up,  in  a  section  of  low 
power  consumption,  or  building  down,  in  a  section  of  high 
power  consumption.  In  a  closed  circuit,  however,  passing 
aroxmd  the  entire  circuit,  the  same  values  of  e  and  i  must  again 
be  reached,  and  the  rates  of  building  up  and  building  down  of 
the  wave  in  the'  different  sections,  must  therefore  be  such  as 
to  neutralize  each  other  when  carried  through  the  entire  circuit, 
that  is,  the  total  building  up,  through  the  entire  complex  cir- 
cuit, must  be  zero.  This  gives  an  equation  from  which  m^  is 
determined,  as  a  mean  value  of  the  time  constants  Wi  of  the 
individual  circuit  sections. 

VII.    Power  and  Energy  op  the  Complex  Circuit. 

30.  The  free  oscillation  of  a  complex  circtdt  differs  from  that 
of  the  uniform  circuit,  in  that  the  former  contains  exponential 
functions  of  the  distance  k,  which  represent  the  shifting,  or 
transfer  of  power  between  the  sections  of  the  circuit. 

Thus  the  general  expression  of  one  term  or  frequency  of 
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current  and  voltage  in  a  section  of  a  complex  circuit  is  given  by 
equation : 

t  «  c-«o'  je+'i  [Acosq{k-t)  +B  sin  g    (i-  t)]  -  e"'^  [C  cos  9 
_     H  +  t)+D^nq(X  +  t)]\  (109) 

c  -  V -^  e— o«  |«+"  [.4  cos  q{i-t)  +B  sin  9  (A  -  Ol+f"  [C  cos 

q(i  +  t)+D^nq{i  +  t)]\ 

where: 

il  «  total  length  of  circuit,  expressed  in  the  distance  co- 
ordinate : 

u  being  the  distance  co-ordinate  of  the  circuit  section  in  any 
measure,  as  miles,  turns,  etc.,  and  r,  L,  g,  C,  the  circuit  con- 
stants per  unit  length  of  «,  and: 

a  =  y/TTC 

C 
«;    =»  J  IT "^"7^)    ~  ^^TCiQ  constant  of  circuit  section. 


Wg  ==«/+/  =  resultant  time  decrement  of  complex  circuit, 
/     =^  m^  —  w  =^  energy  transfer  constant  of  circuit  section. 

The  instantaneous  value  of  power  at  any  point  of  the  circuit, 

at  any  time  i,  is: 

p  =  ei 

=  Vj  fi-''"o'  {e+''^  [A  cos  q{X  -t)+B  sin  q(i  -  OP  -  €"'^*  [C  cos  q 

(>l+0+Z>sing(A+OPI 

COS  2  g  (A  -  0  -  «"*"  (C  -  D")  cos  2  g  (i+t)]+2  [A  B 
t+*i^an2q{i-t)-CDt-^'^an2q(A+t)]l       (110) 
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that  is,  the  instantaneous  value  of  power  consists  of  a  constant 
term,  and  terms  of  double  frequency  in  (i  —  t)  and  (A  +  /),  that 
is,  in  distance  i  and  time  t.  ' 

Integrating  (110)  over  a  complete  period  in  time,  gives  the 
effective  or  tnean  value  of  power  at  any  point  X,  as: 

P  =  j\/5,e-»-o'  |fi+>'^(^»-|-B»)-€-»'HC*+^)}  (111) 

That  is,  the  instantaneous  power  at  any  time  and  any  point 
of  the  circuit  is  the  difference  between  the  instantaneous  power 
of  the  main  wave,  and  that  of  the  reflected  wave. 

The  effective  power  at  any  point  of  the  circuit  is  the  difference 
between  the  effective  power  of  the  main  wave  and  that  of  the 
reflected  wave. 

The  effective  power  at  any  point  of  the  circuit,  gradually  de- 
creases in  any  section,  with  the  resultant  time  decrement  of 
the  total  circuit,  c"**"©',  and  varies  gradually  or  exponentially 
with  the  distance  X,  the  one  wave  increasing,  the  other  decreas- 
ing, so  that  at  one  point  of  the  circuit  or  circuit  section  the  ef- 
fective power  is  zero.  That  is,  this  point  of  the  circuit  is  a  power 
node,  or  point  across  which  no  power  flows.     It  is  given  by: 


e+2/A  (yl'-f  S')  »  €-^f^  (C?+rP) 
or: 


,        1  ,     C-hD» 


4f^A^  +  IP 


(112) 


The  difference  of  power  between  two  points  of  the  circuit  Aj 
and  ^„  that  is,  the  power  which  is  supplied  or  received  (depend- 
ing upon  its  sign)  by  a  section  /  =  ^^  —  ^^  of  the  circuit,  is  given 
by  equation  (111)  as: 

P,«i  V-^  €-»'«o'    {(€+'^^2  -  €+^fh)    (.4«-h5»)   -    (£-2/i2  -  e-^fh) 

(0+D^)\  (113) 

If  Pq  >  0,  this  represents  the  power  which  is  supplied  by 
the  section  /  to  the  adjoining  sections  of  the  circuit;  if  P^  <0, 
this  is  the  power  received  by  the  section  from  the  rest  of  the 
complex  circuit. 
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If  /  X^  and  /  Xi  are  small  quantities,  the  exponential  function 
can  be  resolved  in  an  infinite  series,  and  all  but  the  first  term 
dropped,  as  of  higher  orders,  or  negligible,  and  this  gives  the 
approximate  value: 


hence: 


e±2/i2-e±»/ii  ^  ±2f(X^^X,)  «  ±2// 


(114) 


That  is,  the  power  transferred  from  a  section  of  length  /, 
to  the  rest  of  the  circuit,  or  received  by  the  section  from  the 
rest  of  the  circuit,  is  proportional  to  the  length  of  the  section, 
/,  to  its  transfer  constant  /,  and  to  the  sum  of  the  power  of  main 
wave  and  reflected  wave. 

21.  The  energy  stored  by  the  inductance,  L,  of  a  circuit  ele- 
ment dX,  that  is,  in  the  magnetic  field  of  the  circuit,  is: 

where  L'  =  inductance  per  unit  length  of  circuit,  expressed  by 
the  distance  co-ordinate  X. 

Since  L  =  inductance  per  unit  length  of  circuit,  of  distance 
co-ordinate  «,  and  A  «=  <7M,  it  is: 


hence: 


L'  = 

a 

L 

VLC 

-^^ 

d^ 

h  = 

^^/|. 

dX 

(115) 


In  general,  the  circuit  constants  r,  L,  g.  C,  per  unit  length, 
«  =  1,  give,  per  unit  length,  X  =  1,  the  circuit  constants: 


JL.  1.  X.  ^. 
a'    a'    a'    a' 


or: 


vTc' 


C   VTC'   VTc  i 


(116) 
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Substituting  (109)  in  equation  (115),  expanded,  and  inte- 
grated over  a  complete  period  in  time,  gives  the  effective  power 
stored  in  the  magnetic  field  at  point  X: 

^  =  i  V^  «-""o^  {[e+«i  (>l2+flt)  +^.2f4  {O+D^)]  _  2  [{AC  - 
BD)cm2qX  +  (AD--BC)^n2qX]\  (117) 

and,  integrated  over  one  complete  period  of  distance  X,  or  one 
complete  wave  length,  this  gives: 

^^  =  1  V^e-^-o'  |[£+»'i(>l»+S»)  +  fi-»'^(C»+i3»){         (118) 

The  energy  stored  by  the  inductance  L,  or  in  the  magnetic 
field  of  the  conductor,  consists  of: 
A  constant  part: 

^  =  i  V-|  €-»-o'  j£+»'i  (>l»-f  B')  +  e-»'^  «7+£P) }        (lig) 

A  part  which  is  a  function  of  (X  —  t)  and  {X  +  t): 

44^  =iV5c-»-o'  |[€+''M-4'-B')cos2g(>l-/)+£-«'M(?~D^ 
ax  C 

cos2q(X  +  t)]^-2{AB  «+»'^  sin  2  g  (i  -  /)  +C  D  f-"*^ 

sin  2^(^  +  0]}  (120) 

A  part  which  is  a  function  of  the  distance  X  only,  but  not  of 
time  t: 

"^  =i\/^€-»-o'  |(.4C-B/))cos2gi  +  (/lZ>  +  SQsin2 

q^\  (121) 

And  a  part  which  is  a  function  of  time  t  only,  but  not  of  the 
distance  X\ 

-^2^-i\/^«-'-'oM(^C-fSZ>)cos2?l+(AI>^SQsin 
2  8<}  (122) 
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and  the  total  energy  of  the  electromagnetic  field  of  circuit  cie- 
ment  dk  oX  time  t  is: 

dk"  dX^  dk       dk        dk  ^^^^^ 

The  eneigy  stored  in  the  electrostatic  field  of  the  conductor, 
or  by  the  capacity  C,  is  given  by: 

d  Ti^^—^'dk 
or,  substituting  (116): 

|^'=iV^^  (124) 

and,  substituting  in  (124)  the  value  of  e,  from  equation  (109), 
gives  the  same  expression  as  (123),  except  that  the  sign  of  the 
last  two  terms  is  reversed.     That  is: 

The  total  energy  of  the  electrostatic  field  of  circuit  element 
dk  2X  time  t  is: 

^dl  ~  dk^  dX.^  dk^  dk  ^^^^^ 

and,  adding  (123)  and  (125),  gives  the  total  stored  enei:gy  of 
the  electric  field  of  the  conductor: 

S-^  (?!■•  + ^)  "^^ 

and,  integrated  over  a  complete  period  of  time,  this  gives: 

dk  ax  C  ^j27) 

d  n^  d  «'" 

The  two  last   terms,    -j-j  and     ,'    .   represent  the  eneigy 

which  is  transferred,  or  pulsates,  between  the  electromagnetic 

and  the  electrostatic  field  of  the  circuit ;  and  the  term  -jy  rep- 
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resents  the  alternating   (or  rather  oscillating)   component  of 
stored  energy. 
The  energy  stored  by  the  electric  field  in  a  circuit  section  /, 

J     IT 

between  ij  and  i,,  is  given  by  integrating  -ry-  between  X^  and 
^.  as: 

4;       C 


(128) 


if  -  */ V^£-»-o'  j/i»+BHC»+Z?»| 


Differentiating  (128)  after  t,  gives  the  power  supplied  by  the 
electric  field  of  the  circuit,  as: 


or,  more  general: 


(C»+I>»)| 


(129) 


-  m,/\/-^«-»"o'  }/l»+B»+C+£>»| 


The  power  dissipated  in  the  resistance  :r^  d  k  ^ and  in 

a 

the  conductance :  g'  dX  =»  '~/~  dXoi  sl  conductor  element  d  A, 

and  so  the  total  power  dissipated  in  the  circuit  element  d  i  is, 
in  the  same  manner: 


Vi.  -  ^4? — (^-'^)— r^?-'^^)  <■-> 
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where,  as  before: 


m 


-Kw) 


and,  integrated  over  a  complete  period: 


dp*        ^      d  w,      ^      d  yi'  #^«^v 


the  power  dissipated  in  the  circuit  contains  a  constant  term. 
4  w  -ry,  and  a  term  which  is  a  periodic  function  of  the  distance  >l: 


drf 


4  m  -— ■ ,  of  double  frequency. 


Averaged  over  a  half  wave  of  the  circuit,  or  a  multiple  thereof, 
the  second  term  eliminates,  and  it  is: 

dX       *""  d). 

thus,  the  power  dissipated  in  a  section  /  =  i,  —  i,  of  the  circuit, 
is  by  integrating  between  limits  A,  and  X^: 

po^  ^  V^  j-2«o«  j(e+»»2  -  e+»"i)  (A^+ff')  +  (g-m2  _  «-»»,) 
((?+P»)l     ■  (132) 


Denoting  therefore: 


Af»  -  (A^+B*+C'+iy)  V^  (133) 
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it  is: 

Energy  stared  in  the  electric  field  of  the  circuit  section  of  length  I: 

H  =  ilAPs'^^o'  (134) 

Power  supplied  to  the  conductor  by  the  decay  of  the  electric  field  oj 
the  circuit: 

P  =  m^/Af'e-'-o*  (135) 

Power  dissipated  in  the  circuit  section  /,  by  its  effective  resistance 

and  conductance: 

P^^  ^wl AP £-»"'o'  (136) 

Power  transferred  from  the  circuit  section  /,  to  the  rest  of  circuit : 

P,  ^flAPt'^^o*  (137) 

That  is: 

wftn^  —  ratio  of  power  dissipated  in  the  section,  to  that  sup- 
plied to  the  section  by  the  stored  energy  of  its  electric  field. 

//m,  ==  fraction  of  power  supplied  to  the  section  by  its  elec- 
tric field,  which  is  transferred  from  the  section  to  adjoining 
sections  (or,  if  /  <  0,  received  from  them). 

flw  =  ratio  of  power  transferred  to  other  sections,  to  power 
dissipated  in  the  section. 

w,-^w-^/  is  the  ratio  of  the  power  supplied  to  the  section  by 
its  electric  field,  dissipated  in  the  section,  and  transferred  from 
the  section  to  adjoining  sections. 

These  relations  obviously  are  approximate  only,  and  appli- 
cable to  the  case,  where  the  wave  length  is  short. 

VIII.     Reflection  and  Refraction  at  Transition  Point. 

23.  The  general  equation  of  the  current  and  voltage  in  a  sec- 
tion of  a  complex  circuit  is  given  by  equations  (109). 

At  a  transition  point  X^  between  section  1  and  section  2,  the 
constants  change  by  equation  (99). 

Choosing  now  the  transition  point  as  zero  point  of  X,  so  that 
A  <  0  is  section  1,  il  >  0  is  section  2,  equations  (99)  assume  the 
form: 

A^  =  ai  Ai  +  biCi 


Bj  =  a^B^  —  by  Dy 
Z?,  -  a^  Dj  -  fcj  B^ 


(138) 


Digitized  by  VjOOQIC 


1300  STEiNMEfZ:  ELECTftIC  [July  2 

ftnd  herefrom  follows: 

[    (139) 

If  now  a  wave  in  section  1,  A,B,  travels  towards  transition 
point  X  =  0,  at  this  point,  a  part  is  reflected,  giving  rise  to  the 
reflected  wave  C,  D,  in  section  1,  while  a  part  is  transmitted  and 
appears  as  main  wave,  A,  B,  in  section  2.  The  wave  C,  Z?,  in 
section  2  would  not  exist,  as  it  would  be  a  wave  coming 
towards  ^  =  0,  from  section  2,  and  not  a  part  of  the  wave 
coming  from  section  1.  In  other  words,  we  can  consider 
the  circuit  as  comprising  two  waves  moving  in  opposite 
directions: 

1.  A  main  wave  A^B^,  gi\'ing  a  transmitted  wave  A2B2  and 
reflected  wave  C^  D^, 

2.  A  main  wave  C,  £>„  giving  a  transmitted  wave  C^  D/  and 
reflected  wave  -A/  B/. 

The  waves  mo\4ng  towards  the  transition  point  are  single 
main  waves,  A^  B^  and  C^D^,  and 

The  waves  moving  away  from  the  transition  point  are  com- 
binations of  waves  reflected  in  the  section,  and  waves  trans- 
mitted from  the  other  section. 

Considering  first  the  main  wave  moving  towards  rising  k\  in 
this,  C,  =  0  =  D„  hence,  by  (138) : 


c,  +  c. 


Herefrom  it  follows: 

The  main  wave  in  section  1 : 

♦j  -  e-"o'e+'ii  [A^cos  q  {X-  t)-\-B^wa.  q{X-t)\ 
*,  -  c,  c-"o' «+'ii  j^ ,  cos q  U - /)  +  B,  sin q{X-t)\ 


(140) 


(141) 


Digitized  by  VjOOQIC 


1908] 


CIRCUIT  EQUATIONS 


1301 


when  reaching  a  transition  point  Jl  »  0,  resolves  into  the  r^- 
fleeted  wave,  turned  back  on  section  1 : 


i/  -  -^2.— ^£--o'«-^i^j/liCOS9(;i  +  0-5iSing(;i-fO} 

Cj  +  Cj 
e^  —   +-^-r — i 

^1  +  ^1 


(142) 


and  the  transmitted  wave,  which  by  passing  over  the  transition 
point,  enters  section  2 : 


J,  =  -^i^c— o'c+'2M/l|Cosg(A-0  +  BiSin?(>l-0l 

Tj  +  ^2 


^,  -  c^-^-^€''^o*€+h^{A^cosqiX-t)+B^sinq(ir-t)\ 

C^  +  Cj 


(143) 


5«     :. 


the  reflection  angle,  tan  (t/)   =  —  V.    is    supplementary  to 
the  impact  angle:  tan  (i^)  *°   +  -j-\    and    transmission    angle: 

tan  (x,)  -  +  f^. 

Reversing  the  sign  of  X  in  the  equation  (142)  of  the  reflected 
wave,  that  is,  counting  the  distance  for  the  reflected  wave  also 
in  the  direction  of  its  propagation,  and  so  in  opposite  direction 
to  the  main  wave  and  the  transmitted  wave,  equation  (142) 
becomes: 


*7  =  -1-^'      ^'  ^"'"o'  f"*"^!^'  l-4i  cos  q  (A'  -  0  +B,  sin  q 

C^  -T  C^ 

«'  =  +^^1  ^^-T-^  «""»'  '"^'i"  Ml  COS  q  (A'  -  /)  +B,  sin  <7 

C,  +  Cj 


(144) 
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and  it  is  then: 


or: 


ti-hV  =  t 


c      ^  * 


^t  +  ^i* 


(145) 


33.  That  is: 


1.  In  a  single  electric  wave,  current  and  electromotive  force 
are  in  phase  with  each  other.  Phase  displacements  between 
current  and  electromotive  force  can  occur  only  in  resultant 
waves,  that  is,  in  the  combination  of  the  main  and  the  reflected 
wave,  and  then  are  a  function  of  the  distance  X,  as  the  two 
waves  would  travel  in  opposite  directions. 

2.  When  reaching  a  transition  point,  a  wave  splits  up  into  a 
reflected  wave  and  a  transmitted  wave,  the  former  returning,  in 
opposite  direction,  over  the  same  section,  the  latter  entering 
the  adjoining  section  of  the  circuit. 

3.  Reflection  and  transmission  occur  without  change  of  the 
phase  angle.  That  is,  the  phase  of  the  current,  and  of  the  volt- 
age, in  the  reflected  wave  and  in  the  transmitted  wave,  at  the 
transition  point  is  the  same  as  the  phase  of  the  main  wave  or 
incoming  wave.  Reflection  and  transmission  with  a  change  of 
phase  angle  can  occur  only  by  the  combination  of  two  waves 
traveling  in  opposite  direction,  over  a  circuit,  that  is,  in  a  re- 
sultant wave,  but  not  in  a  single  wave. 

4.  The  sum  of  the  transmitted  and  the  reflected  current 
equals  the  main  current,  when  considering  these  currents  in 
their  respective  direction  of  propagation. 

The  sum  of  the  voltage  of  main  wave  and  of  reflected  wave, 
equals  the  voltage  of  the  transmitted  wave. 

The  sum  of  the  voltage  of  the  reflected  wave,  and  of  the  volt- 
age of  the  transmitted  wave,  reduced  to  the  first  section  by  the 

ratio  of  voltage  transformation  -,  equals  the   voltage   of   the 

main  wave. 

5.  At  the  transition  point,  so  a  voltage  transformation  occurs, 
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by  the  factor  —  *  V  ^    y^,  that  is,  the  transmitted  wave  of 

voltage  equals  the  difference  between  main  wave  and  reflected 

c  c 

wave,  multiplied  by  the  transformation  ratio  -^ ;  e^  =— (^i  —  ^i*). 

As  a  result  thereof,  in  passing  from  one  section  of  a  circuit  to 
another  section,  the  voltage  of  the  wave  may  decrease  or  may 

increase.     If  -   >  1,  that  is,  when  passing  from  a  section  of 

low  inductance  and  high  capacity,  into  a  section  of  high  in- 
ductance and  low  capacity,  as  from  a  transmission  line  into  a 
transformer  or  a  reactive  coil,  the  voltage  of  the  wave  is  increased ; 

if  —  <  1,  that  is,  when  passing  from  a  section  of  high  induct- 

ance  and  low  capacity,  into  a  section  of  low  inductance  and  high 
capacity,  as  from  a  transformer  to  a  transmission  line,  the 
voltage  of  the  wave  is  decreased. 

This  explains  the  frequent  increase  to  destruction  voltages, 
when  entering  a  station  from  the  transmission  line  or  cable, 
of  an  impulse  or  a  wave,  which  in  the  transmission  line  is  of 
relatively  harmless  voltage. 

34.  The  same  equations  also  apply  for  a  wave  passing  the 
transition  point  in  opposite  direction,  and  combining  both 
waves  gives  the  total  expressions  of  current  and  voltage  on  the 
two  sides  of  the  transition  point. 

In  the  neighborhood  of  the  transition  point,  that  is,  for  values 
Xy  which  are  sufficiently  small,  so  that  £"*"'^  and  e""'^  can  be  dropped, 
this  gives  the  equations: 

♦i  =  «""•«'  [Ml  cosq{X-t)^B,  sin  q  {X-t)\-  ^^^  \A,  cosq 

M   "r   *'2 
2  C 

(X-hi)  -  B,  sin  q  (A-f  0  I -^  {Cjcos  q  iX  +  t)-}-D^ 

Cj  -t-  Cj 

sin  g  (A -f  01] 
^i  -  Ci£--'o'[j^jCOsq(;i-/)+BiSin^(;i-0}+^^-T-^  l^icos  q 

Cj  +  Ci 

iX  +  t)  -  B,  sin  q  (X  +  t)  \  +-\\  {C,  cos  q  (X  +  t)  +D, 

c-j  -f-  c, 

sinqiX  +  t)]] 

(146) 
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Cj  -h  c, 
(^-0-^2sing(^-0}-T^I^,cos^(;-.0  + 

*'l   "T"  *'2 


(;-^)_Z),  sin  9(^-01+7^  i.4,  cos ^  (;-/)  + 

*'l    "T"   ''J 

Bi  sin  7  (A- on 

In  these  equations,  the  first  term  is  the  main  wave,  the  second 
term  its  reflected  wave,  and  the  third  term  the  wave  transmitted 
from  the  adjoining  section  over  the  transition  point. 

Expanding  and  rearranging  equations  (146)  gives  as  the  dis- 
tance phase  angles  of  the  waves: 


tan  t'l 


(^i  ^i  ■"  ^2  ^i)  COS  9^~  (^1  -^i  +  ^a  ^a)  sin  qi 


^^  ^   ^        c,  \{B,-D;)cosqt+(A,  +  C;)sinqt] 
'       {c^A^  —  C2  C^  cos  qt  —  (Ci  By  +  c,  D^  sin  qt 


hence: 


tan  «\       Cj  L,  Cj 


(147J 


(148) 


*  (g,  Bt  -f  g,  JPa)cos  ^  +  (gi  ^  1  —  ga  Ca)  sin  ^ 

tan^i  -     ^^j(^^4.c,)cosg/-(Bi-Z>a)sing<j 


tan  ^, 


(Ct  B|  -t-  gg  i?a)  cos  qt-\-{c^Ay  —  C2  C^^n  qt 
c^  {{Ay-hC^  cos qt  —  Cy  {By  — D^^nqt\ 


(149) 


hence: 


tan^a      c, 
tan^i      Cy 


(ISO) 
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That  is,  at  a  transition  point  the  distance  phase  angle  of  the 
wave  changes,  so  that  the  ratio  of  the  tangent  functions  of  the 
phase  angles  is  constant,  and  the  ratio  of  the  tangent  functions 
of  the  phase  angles  of  the  voltages  is  proportional,  of  the  currents 

inversely  proportional  to  the  ratio  of  the  circuit  constants  t  =  'V  ^ 

That  is,  transition  of  an  electric  wave  or  impulse,  from  one 
section  of  a  circuit  to  another,  takes  place  at  a  constant  ratio 
of  the  tangent  functions  of  the  phase  angle,  which  ratio  is  a 
constant  of  the  circuit  sections,  between  which  the  transition 
occurs. 

This  law  is  analogous  to  the  law  of  refraction  in  optics,  except 
that  in  the  electric  wave  it  is  the  ratio  of  the  tangent  functions, 
while  in  optics  it  is  the  ratio  of  the  sine  functions,  which  is  con- 
stant and  a  characteristic  of  the  media,  between  which  the 
transition  occurs. 

This  law  so  may  be  called  the 

Law  of  refraction  of  a  wave  at  the  boundary  between  two 
jircuits,  or  at  a  transition  point. 

The  law  of  refraction  of  an  electric  wave  at  the  boundary 
between  two  media,  that  is,  at  a  transition  point  between  two 
circuit  sections,  is  given  by  the  constancy  of  the  ratio  of  the  tan- 
gent functions  of  the  incoming  and  reflected  wave. 
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Discussion  on  "  The  General  Equations  op  the  Electric 
Circuit."   Atlantic  City,  N.  J.,  July  2,  1908 

Frederick  Bedell:  It  is  unnecessary  to  dwell  upon  the  great 
value  of  the  work  of  Dr.  Steinmetz  in  this  and  other  papers. 
It  might  be  proper  that  this  paper  be  presented  at  one  con- 
vention and  discussed  at  another,  a  year  or  two  later.  The  in- 
creasing value  of  the  work  of  Dr.  Steinmetz  impresses  me  more 
and  more,  and  looking  back  over  his  writings  of  ten  or  twelve 
years  ago  we  find  that  to-day  many  of  them  are  of  even  greater 
value  than  when  they  were  written. 

There  is  one  thing  to  be  noted  particularly  in  this  paper,  and 
that  is  that  Dr.  Steinmetz  has  continually  called  attention  to 
the  physical  significance  and  practical  meaning  of  his  results. 
We  do  not  always  find  this  careful  rounding  out  of  a  paper.  Not 
long  ago,  in  looking  over  a  mathematical  paper  on  a  subject  in 
which  I  was  interested,  I  was  much  disappointed  to  find  that  the 
paper  stopped  abruptly,  and  I  was  unable  to  find  out  what  was 
the  author's  conclusion. 

On  accotmt  of  the  nature  of  this  paper  of  Dr.  Steinmetz,  we 
can  make  only  a  few  casual  comments,  which  bring  out  nothing 
new.  When  we  impress  an  electric  impulse  upon  a  circuit, 
we  have  a  wave  going  in  each  direction;  each  wave  keeps  going 
aroimd  and  aroimd  the  circuit,  luitil  it  dies  out,  and  each  time 
it  goes  arotmd  the  circuit  it  gives  us  one  of  those  terms  in  the 
series,  which  are  added  up,  as  Mr.  Steinmetz  has  here  done. 

There  is  a'physical  feature  to  which  attention  might  be  called. 
We  are  most  of  us  in  the  habit,  when  considering  an  ordinary 
alternating-current  circuit,  of  thinking  that  the  current  in  a 
series  circuit  is  the  same  in  all  parts  of  the  circuit,  which  is 
correct  when  there  is  no  distributed  capacity.  In  a  circuit  with 
distributed  capacity,  however,  the  current  is  not  the  same  in 
all  parts  of  the  circuit;  if  we  consider  some  point,  P,  in  the 
circuit,  the  current  may  be  going  towards  that  point  from 
both  directions — a  condition  which  we  never  have  in  a 
simple  circuit  without  distributed  capacity.  This  means  that 
we  are  having  electricity  accumulated  at  that  point.  The  point 
P,  however,  is  not  stationary,  but  travels  along.  We  can  think 
of  this  easier  by  analogy — ^by  an  hydraulic  analogy.  Considering 
first  a  pipe  which  is  not  flexible,  an  iron  pipe,  in  which  flows 
water  which  is  not  compressible;  if  we  have  a  certain  flow  of 
water  in  one  part  of  the  pipe  or  circuit  we  have  that  same  flow 
in  all  parts  of  the  circuit.  This  construction  illustrates  the 
circuit  without  distributed  capacity.  Now  let  us  consider,  in- 
stead of  a  cast-iron  pipe,  a  flexible  rubber  hose,  and  cause  a 
series  of  impulses  (as  with  a  plunger)  in  the  hose  at  one  end; 
as  a  result  of  each  impulse  the  hose  will  swell,  and  the 
swelling  will  travel  along.  Following  the  swelling  there 
will  be  a  contraction.  Wherever  there  is  a  swelling,  the  water 
may  be   flowing  from  both   directions  towards  the  swelling; 
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and  then  it  immediately  flows  away  from  the  point  and  makes 
the  hose  cdntract.  There  is  first  a  surplus  and  then  a  deficit 
of  water  (or  electricity)  and  these  are  transmitted  along  the 
hose  (or  circuit). 

Dr.  Steinmetz  called  attention  to  the  rates  of  decay,  one  with 
respect  to  time  and  the  other  with  respect  to  distance.  Suppose 
we  have  the  impulses  of  different  frequencies,  or  a  complex  wave 
which  can  be  analyzed  into  the  different  component  frequencies. 
These  different  frequencies,  according  to  the  equations  of  the 
paper,  will  be  found  to  have  different  rates  of  decay;  this  is 
discussed  in  Chapters  12  and  13  of  Bedell  and  Crehore's  Alter- 
noting  Currents.  This  means  that  if  we  have  a  complex  wave 
impressed  upon  the  circuit,  the  different  components  get  to 
the  receiving  point  at  different  times;  one  of  them  may  get  there 
a  hundredth  part  of  a  second  later  than  another,  so  that  when 
they  combine  again  into  the  resultant  wave  the  wave  form 
at  the  receiving  end  of  the  circuit  and  the  wave  form  at  the 
sending  end  of  the  circuit  will  be  different.  In  power  trans- 
mission this  is  ordinarily  ins^ificant.  When  applied  to  tele- 
phony this  change  in  wave  form  becomes  significant,  and  these 
equations  explain  the  distortion  of  speech  on  telephone  lines, 
a  case  which  has  already  been  worked  out  in  detail  by  Dr. 
Pupin. 

Dr.  Steinmetz  speaks  of  the  reflected  wave.  I  would  l^ke  to 
ask  him  whether  he  considers  there  is  any  reflected  wave  in  a 
imiform  circuit,  in  which  there  are  the  positive  waves  going 
around  the  circuit  in  one  direction,  and  the  negative  waves 
going  around  the  circuit  in  the  other  direction. 

D^ald  C.  Jackson:  The  equations  which  Dr.  Steinmetz  has 
deduced  are  finely  developed,  comprehensively  organized 
offsprings  of  the  equation  which  was  devised  by  Lord  Kelvin 
in  the  first  days  of  transatlantic  telegraphy  to  analyze  the 
problem  of  transmission  of  electric  signal  pulses  through 
ocean  cables  of  negligible  self-induction.  That  equation  was 
fertilized  and  hybridized  by  Heaviside  until  it  could  be 
applied  to  the  problem  of  the  transmission  of  telephonic  speech- 
ctirrents  in  circuits  of  imiformly  distributed  resistance,  self- 
induction  and  capacity.  Dr.  Steinmetz  has  taken  a  third  great 
and  important  step  in  developing  equations  which  are  applicable 
to  complete  circuits  composed  of  sections  of  diverse  characters 
and  which  also  take  adequate  account  of  the  terminal  conditions 
or  apparatus.  The  paper  deals  with  the  offspring  of  old  friends 
in  the  electrical  science,  but  the  offspring  are  much  more  com- 
prehensive and  fully  developed  than  the  parents. 

It  has  been  usual  to  refer  to  a  vibrating  wire  as  a  mechanical 
analogue  of  an  electric  circuit  in  either  forced  or  natural  electric 
oscillations, — that  is,  either  when  it  is  required  to  act  under  im- 
posed pulsations  or  when  stimulated  into  action  and  then  left 
to  carry  out  its  own  sweet  will.  A  uniform  wire  however  does 
not  afford  an  illustration  of  the  usual  electric  circuit  of  practice. 
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An  electric  circuit  is  ordinarily  made  up  of  sections  of  diverse 
electrical  characters.  Some  of  these  sections  may  be  long  and 
some  may  be  short,  but  they  are  almost  inevitably  found  in  the 
circuits  of  practice  and  their  diversity  of  character  robs  the 
uniform  wire  of  its  usefulness  as  an  analogue.  We  must  there- 
fore abandon  the  uniform  wire  for  our  analogue  and  take  up 
a  wire  composed  of  sections  of  diverse  character  welded  end  to 
end.  Sections  of  small  resistance  may  be  thought  of  as  vibra- 
ting in  air,  others  of  higher  resistance  must  be  thought  of  as  sur- 
rounded by  molasses  or  other  liquid  of  a  density  to  correspond 
at  each  section  with  the  desired  resistance.  In  certain  sections 
may  be  injected  a  large  mass  or  inertia  to  represent  high  self- 
induction,  and  the  elasticity  from  section  to  section  must  be 
adjusted  to  correspond  with  the  desired  electrostatic  capacity. 
When  this  wire,  made  up  of  diverse  sections  of  appropriate 
characters,  is  attached  to  abutments  of  suitably  adjusted  elas- 
ticity and  inertia,  it  affords  a  true  analogue  of  electric  circuits 
of  practice;  but  the  analogue  has  become  too  complex  to  be 
illuminating.  I  have  not  found  it  possible  to  foresee  the  re- 
actions that  will  occur  in  each  section  when  a  disturbance  of 
particular  character  is  put  on  such  a  wire  by  external  means. 
Moreover,  although  uniform  vibrating  wires  or  plates,  or  loaded 
wires  giving  the  semblance  of  imiform  wires,  have  been  pro- 
lifically  treated  in  mathematical  works,  I  have  never  observed 
a  treatment  adequate  to  predetermine  the  reactions  in  any 
wire  of  diverse  sections.  Dr.  Steinmetz  has  now  come  to  us 
with  the  formula  for  the  electric  circuit  itself,  which  not  only 
makes  the  analogue  of  less  need  but  also  probably  at  the  same 
time  gives  the  solution  of  the  analogue. 

The  paper  is  reassuring  and  encouraging  to  the  man  who  has 
only  looked  at  it  hastily,  in  that  the  simpler  results  set  forth 
in  it  correspond  with  the  phenomena  that  we  know  actually 
occur.  For  instance,  as  far  as  the  telephone  circuit  is  concerned, 
the  effects  of  **  loading  "  that  Dr.  Steinmetz  sets  down  cate- 
gorically as  deductions  from  his  equations,  are  those  that  are 
known  to  occur  in  the  telephone  circuit.  Thus,  it  is  known 
that  leakage  up  to  a  certain  degree  and  imder  certain  con- 
ditions assists  transmission  of  speech  in  a  telephone  circuit  or 
the  transmission  of  signals  through  an  ocean  cable,  but  that  an 
excess  of  leakage  beyond  a  point  fixed  by  other  conditions  makes 
transmission  worse.  It  is  also  well  known  that  **  loading " 
a  telephone  circuit  tmder  certain  conditions  materially  improves 
the  transmission  of  speech,  but  a  line  loaded  to  give  admirable 
transmission  with  low  leakage  may  afford  poorer  transmission 
than  an  tmloaded  line  if  the  leakage  becomes  large.  For  in- 
stance, a  particular  loaded  aerial  open-wire  telephone  line  may 
be  good  to  talk  over  in  clear  weather,  but  let  the  weather  get 
bad  and  the  leakage  become  large  and  the  loaded  line  is  fright- 
ful to  talk  over;  whereas  100  miles,  or  150  miles  of  loaded  under- 
ground line  gives  admirable  transmission  in  all  sorts  of  weather, 
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because  the  leakage  and  other  constants  of  such  a  line  do  not 
vary  with  the  weather.  That  is  the  deduction  Dr.  Steinmetz 
draws  from  his  equations.  He  doubtless  knew  these  facts  in 
advance,  but  they  are  demonstrated  in  his  equations;  and  it  is 
assuring  to  find  that  the  equations  do  tell  the  truth  in  these 
simple  matters,  as  this  truthfulness  supports  a  reliance  upon 
their  accuracy  in  more  complex  matters. 

As  an  illustration  of  the  fact  that  this  paper  carries  us  beyond 
what  has  been  heretofore  our  frontier  of  knowledge,  I  will  point 
out  that  the  equations  apparently  enable  us  to  understand  the 
effects  of  terminal  conditions  on  the  action  of  circuits.  As  far 
as  telephone  analysis  has  heretofore  gone,  it  has  almost  solely 
related  to  tmiform  circuits  or  to  loaded  circuits  which  are  brought 
to  the  condition  of  substantially  uniform  circuits.  The  equa- 
tions heretofore  have  not  been  able  to  cope  successfully  with  the 
difficulties  of  the  complete  circuit  including  the  complexities  of 
terminal  conditions,  and  the  conditions  of  the  telephone  receiver 
and  transmitter  have  been  omitted  from  mathematical  con- 
sideration or  merely  approximated.  I  believe  that  great  ad- 
vances in  intercommunication  by  the  telephone  and  telegraph 
are  yet  to  come  about  from  improvements  of  terminal  con- 
ditions, and  not  so  much  from  further  improvements  in  the  knowl- 
edge of  line  conditions.  These  equations  of  Dr.  Steinmetz  ap- 
parently lay  the  fotmdation  for  study  of  terminal  conditions 
that  may  result  in  the  improvements  to  which  I  refer. 

I  am  now  going  to  diverge  for  a  moment  and  go  back  to  a 
point  to  which  I  referred  recently;  and  that  is  the  tremen- 
dous increase  in  output  of  what  is  often  called  **  pure  "  science, 
which  now  accompanies  the  advance  of  engineering.  This  paper 
illustrates  the  point.  Formerly,  engineers  were  followers  of  the 
men  of  scientific  research,  and  the  men  of  scientific  research 
looked  with  some  disdain  upon  men  of  the  engineering  indus- 
tries. At  the  present  time  the  engineers  have  caught  up  with 
and  absorbed  pretty  much  all  of  the  accumulated  output  of  the 
pure  scientists,  and  they  quickly  absorb  the  current  output 
as  fast  as  it  comes  along.  To  keep  the  output  in  pure  science 
(especially  in  physics  and  chemistry)  abreast  with  the  advance 
of  the  engineering  industries,  the  engineers  themselves  have 
been  forced  to  enter  the  field  of  pure  research  and  their  product 
must  be  recognized  as  imexcelled  by  that  of  the  so-called 
pure  scientists. 

.  Dr.  Steinmetz  has  set  out  in  his  paper  a  number  of  pronounced 
facts,  and  some  of  them  illustrate  how  truth,  when  it  is  presented 
to  one  plainly,  seems  so  common-sense  and  persuasive  as  to  be 
almost  axiomatic.  For  instance,  Dr.  Steinmetz  calls  attention 
to  the  fact  that  **  The  oscillation  of  a  circuit,  which  is  open  at 
one  end,  grounded  at  the  other  end,  is  a  quarter-wave  oscilla- 
tion, which  can  contain  only  the  odd  harmonics  of  the  funda- 
mental wave  of  oscillation."  He  further  says  **  The  oscillation 
of  a  circuit  which  is  open  at  both  ends,  or  groimded  at  both. 
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ends,  is  a  half-wave  oscillation,  and  a  half-wave  oscillation  can 
also  contain  the  even  harmonics  of  the  fundamental  wave  of 
oscillation,  and  so  also  the  constant  term,  for  «  =  0  in  (78)." 
That  is  to  sa> ,  one  can  get  a  very  erratic  wave  (compared  with 
a  sine  alternating  wave)  when  one  sets  up  oscillations,  and  oscilla- 
tory waves  need  not  be  always  of  symmetrical  half-pulses. 
The  view  that  is  commonly  taught  in  the  classroom  explains 
the  facts  only  partially.  In  another  place  there  is  stated  a  very 
interesting  and  very  striking  thing.  After  having  studied  some 
familiar  equations  we  find  the  statement  that  **  the  wave  shape  of 
the  oscillation  remains  unchanged  during  the  decay  of  the  oscilla- 
tion." Then  another  very  striking  thing  is  found,  where  it  is 
pointed  out  that  **  the  wave  does  not  die  out  in  each  section  at 
the  rate  as  given  by  the  power  consumed  in  this  section,  or  in 
other  words,  power  transfer  occurs  from  section  to  section,  during 
the  oscillation  of  a  complex  circuit."  I  do  not  think  that  this 
had  come  to  my  mind  before  it  was  pointed  out  to  me  by  Dr. 
Steinmetz.     It  seems  a  fact  of  great  significance. 

There  are  a  number  of  other  similar,  clear-cut,  categorical 
statements  in  the  paper,  which  make  it  interesting  to  read  even 
to  one  who  does  not  tmdertake  to  go  through  the  equations  one 
by  one  for  the  purpose  of  getting  more  in  the  way  of  facts 
out  of  them. 

Finally,  I  wish  to  congratulate  Dr.  Steinmetz  upon  the 
directness  of  the  attack  with  which  this  paper  goes  at  its  ob- 
ject. The  studies  that  have  heretofore  been  made  on  this 
subject  have  been  more  or  less  of  a  roundabout  siege.  The 
direct  assault,  when  it  can  be  made,  though  sometimes  imposing 
greater  hardship  on  the  attacking  party,  ordinarily  brings 
greater  results  than  a  siege;  or,  at  least  it  brings,  as  a  rule, 
results  that  are  more  immediately  and  broadly  useful.  Dr. 
Steinmetz  has  been  able  to  make  successfully  a  direct  attack 
upon  the  characteristics  of  a  circuit  that  varies  in  chaiacter 
throughout  its  length.  His  processes  are  as  novel  as  they  are 
interesting,  and  I  wish  again  to  congratulate  the  Institute 
on  receiving  this  demonstration  of  the  great  results  that  can 
follow  a  direct  attack  by  mathematical  analysis. 

H.  L.  Wallau:  I  wouid  like  to  ask  Dr.  Steinmetz  one  ques- 
tion. He  mentions  a  voltage  transformation  at  the  transition 
point.  If  I  am  not  mistaken  he  told  us  that  at  that  transition 
point  there  could  be  but  one  frequency,  the  same  on  each  side 
of  the  point,  because  the  end  of  each  section  being  the  same 
point  as  the  beginning  of  the  next,  the  frequency  was  the  same. 
If  a  voltage  transformation  occurs,  can  there  be  two  voltages  at 
the  transition  point?     How  does  the  transformation  take  place? 

Chas.  P.  Steinmetz:  As  regards  the  reflected  wave  in  a  tmiform 
circuit,  the  question  Dr.  Bedell  brought  up ;  if  we  had  a  perfectly 
tmiform  circuit  without  terminal  points — a  closed  circuit — we 
could  imagine  a  wave  without  a  reflected  wave,  going  arotmd  and 
around,  provided  we  could  produce  such  a  wave.    I  cannot,  how- 
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ever,  at  present  see  any  possibility  of  producing  such  a  wave,  since 
any  impulse  or  any  action  on  the  closed  circuit  would  naturally 
produce  two  waves  running  in  opposite  directions  from  the 
starting  point,  and  then  either  of  these  could  be  considered 
as  the  main  wave,  the  other  as  the  reflected  wave.  But  in 
general  when  dealing  with  uniform  circuits  we  have  terminal 
points,  because  although  the  uniform  circuit  with  terminal  points, 
such  as  a  line  open  at  both  ends,  is  not  of  very  great  practical 
importance,  a  perfectly  imiform  circuit  without  terminal  points 
— that  is,  the  line  closed  on  itself  at  both  ends — does  not  appear 
feasible  from  a  practical  standpoint. 

As  to  the  questions  asked  by  Mr.  Thomas,  I  think  there  is 
a  misunderstanding.  If  we  consider  a  circuit,  with  the  gen- 
erator on  one  end,  the  load  on  the  other  end,  the  main  wave 
decreases  from  the  generator  toward  the  load,  while  the  re- 
flected wave  decreases  from  the  load  toward  the  generator. 
That  is,  looking  at  the  waves  in  the  same  direction  of  the  circuit, 
from  the  generator  toward  the  load,  the  one  wave  decreases, 
the  other  increases,  with  the  distance.  However,  in  treating 
of  waves  increasing  or  decreasing  with  the  distance,  I  always 
consider  them  in  the  direction  of  propagation,  which  in  the 
reflected  wave  is  opposite  to  that  of  the  main  wave. 

Considered  in  the  direction  of  propagation,  the  character  of 
the  reflected  wave  thus  is  always  the  same  as  that  of  the  main 
wave,  either  increasing  with  the  distance  or  decreasing  with  the 
distance.  The  two  component  waves  of  the  general  equations, 
that  which  decreases  with  the  distance,  and  that  which  increases 
with  the  distance,  thus  can  not  be  a  main  wave  and  its  reflected 
wave,  but  each  of  the  two  component  waves  comprises  a  main 
wave  and  its  reflected  wave. 

Regarding  the  transformation  of  current  and  voltage  at  a 
transition  point,  this  is  a  very  interesting  subject,  deserving  a 
far  more  extended  discussion  than  was  feasible  in  the  paper. 
On  the  two  sides  of  the  transition  point  the  resultant  currents 
must  be  equal,  and  so  also  must  be  the  resultant  voltages. 
These  however  are  the  resultant  of  several  waves,  the  main  waves 
and  the  reflected  waves,  and  the  transformation  ratio  applies 
to  the  individual  waves.  Thus,  at  one  side  of  the  transition 
point  the  main  wave  and  the  reflected  wave  differ  from  those 
on  the  other  side  of  the  transition  point  by  a  constant  factor, 
the  transformation  ratio,  but  at  the  same  time  the  phase-angle 
on  one  side  differs  from  that  on  the  other  side  in  such  a  man- 
ner that  the  resultant  of  main  and  reflected  waves  is  the  same 
at  both  sides  of  the  transition  point.  As  seen,  this  feature 
connects  the  phate-angles  on  the  two  sides  of  the  transition 
point  (hence  the  law  of  refraction)  with  the  transformation  ratio. 
For  instance,  if  on  one  side  the  main  wave  and  the  reflected 
wave  are  much  greater  than  on  the  other  side,  they  are  more 
nearly  in  opposition  on  the  former  side  than  on  the  latter,  and 
therefore  give  the  same  resultant.     However,  as  the  phase-angle 
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chafiges  from  point  to  point  in  the  circuit,  at  some  point,  distant 
from  the  transition  point,  the  main  wave  and  the  reflected  wave 
are  in  phase  with  each  other.  The  resultant  is  then  their  sum, 
and  higher  on  the  side  where  the  individual  waves  are  higher, 
Hence  the  maximum  values  of  the  wave-crests  in  the  circuits 
on  both  sides  of  the  transition  point,  have  to  each  other  the 
transformation  ratio  of  the  transition  point  (multiplied  by  the 
decrement  of  the  circuit  between  transition  point  and  wave 
crest).  Thus,  when  transforming  up  at  a  transition  point,  at 
this  point  the  voltage  remains  the  same,  but  the  higher  voltage 
appears  at  the  next  wave-crest. 

W.  S.  Franklin  (by  letter):  I  have  found  Mr.  Steinmetz's 
paper  on  the  General  Equations  of  the  Electric  Circuit  to  be 
very  instructive,  and  what  I  wish  to  say  in  discussing  the  paper 
relates  chiefly  to  a  method  for  discussing  electric-wave  motion 
which  is  due  to  Heaviside.  Some  time  ago,  in  reading  a  treatise 
on  optics  by  one  of  our  leading  specialists  on  that  subject,  I 
came  across  this  statement:  **  To  prove  that  any  phenomenon 
is  due  to  wave  motion,  it  is  sufficient  to  show  (1)  that  it  is  pe- 
riodic, and  (2)  that  it  is  propagated  with  a  finite  velocity  ", 
and  immediately  there  came  into  my  mind  the  idea  of  bullets 
from  a  Gatling  gun,  which  are  periodic  and  which  are  propa- 
gated with  a  finite  velocity.  The  fact  of  the  matter  is  that  the 
idea  of  periodicity  has  been  too  much  used  in  the  discussion  of 
wave  motion.  The  wave  pulse  involves  all  of  the  import- 
ant actions  of  wave  motion,  except  that  action  which  ser\'es 
as  a  basis  for  the  theory  of  the  dispersion  of  light,*  and  the 
physics,  of  wave  motion  may  be  developed  in  the  simplest  pos- 
sible manner  by  considering  the  behavior  of  wave  pulses;  for 
it  is  certainly  true,  as  Heaviside  says,  that  the  physics  of  wave 
motion  is  presented  in  its  simplest  aspects  in  a  w^ave  pulse, 
whereas  the  mathematical  formulation  of  the  wave  pulse  is 
extremely  complicated.  On  the  other  hand,  the  physics  of  the 
wave  train  (a  periodic  succession  of  similar  waves)  is  extremely 
complicated,  and  its  mathematical  formulation  is  fairly  simple. 

I  have  recently  been  engaged  in  the  preparation  of  a  paper 
on  electric- wave  motion  on  transmission  lines  and  on  the  electric 
oscillation  of  transmission  lines,  and  a  few  abstracts  from  this 
paper  will  serve  to  illustrate  the  point  of  view  of  Heaviside. 

Fig.  1  shows  a  transmission  line,  initially  open  at  both  ends, 
one  line  being  positively  charged,  the  other  negatively  charged — 
both  uniformly.  The  end  of  the  line  is  suddenly  short-circuited, 
a  current  is  suddenly  established  at  the  end  of  the  line,  the 
charges  on  the  wires  disappear,  and  a  wave  sheet  W  travels  in 
the  direction  of  the  arrow  V,  wiping  out  the  electric  field  and 
charges  completely,  and  establishing  the  magnetic  field  and  cur- 
rent as  it  travels  along.     The  lines  of  force  of  the  magnetic  field 

♦  The  simple  wave  trains  constituting  the  parts  of  the  solar  spectrum 
which  is  formed  by  a  prism  are  produced  by  the  prism  and  do  not  exist 
as  such  in  the  complex  waves  which  enter  the  prism  from  the  sun. 
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are  represented  by  the  dots  and  the  magnetic  field  is  directed 
away  from  the  reader.  When  the  wave  sheet  W  reaches  the 
open  end  of  the  line,  the  energy,  which  initially  was  electric, 
has  been  wholly  converted  into  magnetic  energy;  the  current, 
which  has  the  same  value  over  the  whole  line,  is  then  suddenly 
reduced  to  zero  at  the  open  end,  and,  in  being  reduced  to  zero, 
it  builds  up  a  reversed  charge  and  a  reversed  electric  field  at 
the  extreme  end  of  the  line ;  and  a  wave  sheet  travels  in  a  reversed 
direction  along  the  line,  wiping  out  magnetic  field  and  electric 
current  and  laying  down  the  reversed  electric  field  and  charge. 
When  this  wave  sheet  reaches  the  short-circuited  end  of  the 
line,  the  line  is  imiformly  charged  (with  zero  current  every- 
where). The  charge  then  suddenly  disappears  at  the  short- 
circuited  end  of  the  line,  establishing  a  reversed  current  and 
a  reversed  magnetic  field  both  of  which  are  established  by  a 
wave  sheet  which  travels  towards  the  open  end  of  the  line. 
When  this  wave  sheet  reaches  the  open  end  of  the  line,  the  re- 
versed current  is  suddenly  reduced  to  zero  at  the  open  end,  a 
wave  sheet  travels  back  to  the  short-circuited  end  and  re-estab- 
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lishes  the  initial  charge  and  initial  electric  field,  so  that  when 
this  wave  sheet  has  reached  the  short-circuited  end  of  the 
line,  the  entire  system  is  in  its  initial  condition  and  the  line  has 
performed  one  complete  oscillation.  Line  resistance  is  ignored 
in  this  discussion. 

Fig.  2a  represents  a  generator  delivering  current  over  a  line 
of  negligible  resistance  to  a  receiver  of  negligible  resistance  (the 
system  is  short-circuited).  The  receiver  end  of  the  line  is  sud- 
denly opened,  the  short-circuited  current  is  suddenly  reduced 
to  zero  at  the  opened  end,  and.  in  being  reduced  to  zero,  builds 
up  an  electric  field  between  the  lines  and  charges  the  lines,  as 
shown  in  Fig.  2b  (voltage  assumed  not  to  rise  to  a  sufficiently 
large  value  to  break  across  from  line  to  line) .  The  short-circuit 
current  (and  the  magnetic  field  which  corresponds  to  it)  is 
wiped  out  by  a  wave  sheet  W'\  and  the  electric  field  and  charges 
are  laid  down  by  this  wave  sheet  which  travels  towards  the  gen- 
erator. A  complete  cycle  of  oscillation  may  easily  be  traced 
very  much  as  in  the  case  of  Fig.  1. 

A  battery  is  suddenly  connected  to  one  end  of  a  transmission 
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line  as  shown  in  Fig.  3a,  the  other  end  of  the  transmission  line 
being  open.  A  wave  sheet  W  shoots  out  from  the  battery  end 
of  the  line  establishing  a  current  in  the  line  and  magnetic  field 
between  the  lines,  and  also  establishing  electric  charges  on  the 
lines  and  an  electric  field  between  them,  as  shown.  When  the 
wave  sheet  W  of  Fig.  3a  reaches  the  open  end  of  the  line,  the 
current  in  the  line  is  suddenly  reduced  to  zero,  and  in  being  re- 
duced to  zero  builds  up  a  doubled  charge  and  doubled  elec- 
tric field  as  shown  in  Fig.  3b,  this  doubled  charge  and  doubled 
electric  field  being  established  by  a  wave  sheet  W"  which  travels 
back  towards  the  battery  end  of  the  line.  A  complete  oscilla- 
tion of  the  line  may  easily  be  traced  in  this  case,  as  in  the  case 
represented  in  Fig.  1. 

A  very  interesting  case  is  the  establishment  of  current  in  a 
long  transmission  Ime,  short-citcuited  at  the  far  end,  when  a 
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battery  is  connected  to  the  near  end,  resistance  being  neglected. 
A  wave  sheet  shoots  out  from  the  battery  as  represented  in  Fig. 

3a  (/  =  £  \/_,  where  L  and  C  are  line  inductance  and  line  ca- 
pacity per  unit  of  length,  respectively,  E  is  the  voltage  of  the 
battery,  and  /  is  the  current  in  the  line  behind  the  wave  sheet). 
When  this  wave  sheet  reaches  the  short-circuited  end  of  the 
line,  the  electric  field  between  the  wires  drops  to  zero  at  the 
extreme  end  and  the  current  rises  to  2  /,  and  this  doubled  cur- 
rent and  zero  voltage  is  established  over  the  whole  line  by  a 
wave  sheet  which  travels  back  towards  the  battery  end.  When 
this  wave  sheet  reaches  the  battery  end,  the  whole  action  is  re- 
peated on  top  of  the  existing  short-circuit  current  2  /.  That  is  to 
say,  a  current  3  /  and  battery  voltage  E  are  established  over 
the  whole  line  by  a  wave  sheet  which  shoots  out  from  the  bat- 
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tery,  and  when  this  wave  sheet  reaches  the  short-circuited  end 
of  the  line,  a  current  4  /  and  zero  voltage  are  established  over 
the  whole  line  by  a  wave  sheet  which  travels  back  towards  the 
battery  end.  And  so  on.  The  action  is  precisely  analogous  to 
the  surging  motion  of  a  f rictionless  railroad  train  which  gets  under 
way  under  a  constant  locomotive  draw-bar  pull.  At  the  be- 
ginning, the  constant  pull  establishes  a  certain  velocity  /  which 
travels  backward  until  it  reaches  the  caboose ;  then  the  stretched 
coupling  springs  jerk  the  caboose  forward  and  a  velocity  2  / 
is  established  which  travels  forward  tmtil  the  whole  train  is 
moving  at  velocity  2  /  with  coupling  springs  entirely  freed  from 
stress;  and  then  this  process  is  repeated  on  top  of  the  existing 
velocity  2  /. 

A  stretched  string,  A  B,  Fig.  4a,  is  pulled  to  one  side  at  the 
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point  P;  the  water  at  one  end  of  a  canal  C  D  is  held  uniformly 
elevated  and  the  water  at  the  other  end  imiformly  depressed 
by  a  gate  at  the  center  of  the  canal;  a  transmission  line,  E  F, 
open  at  both  ends  and  broken  at  the  middle,  has  two  batteries 
connected  as  shown,  thus  producing  an  upward  electric  field 
between  the  wires  at  one  end  of  the  line  and  a  downward  electric 
field  between  the  wires  at  the  other  end  of  the  line.  The  three 
diagrams  in  Fig.  4b  represent  the  state  of  affairs  when  the  initial 
disturbances  which  are  represented  in  Fig.  4a  are  released. 
When  the  point  P  is  released  the  middle  portion  of  the  string 
gets  into  motion  at  a  imiform  velocity  and  is  entirely  relieved 
from  the  stretch  due  to  the  distortion,  which  is  represented 
m  A  B,  Fig.  4a.  The  middle  portion  of  the  water  in  the  canal 
immediately  settles  to  its  normal  level  and  is  set  in  uniform 
motion  as  represented  in  the  diagram  C  D\    When  the  switches 
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m  EF,  Fig.  4a,  are  closed,  the  charge  near  the  middle  of  the 
line  disappears,  and  a  uniform  current  (and  magnetic  field)  is 
established  as  shown  in  the  diagram  E'  F\  A  complete  cycle 
of  oscillation  may  easily  be  followed  in  each  case. 
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The  paper  which  I  am  preparing  on  electric-wave  motion  is 
devoted  (1)  to  the  establishment  of  clear  ideas  of  the  physical 
action  which  is  involved  in  the  electromagnetic  wave;  (2)  to 
the  discussion  of  a  great  variety  of  special  cases;  and  (3)  to  the 
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modification  of  the  results  so  reached  by  the  effects  of  line  re- 
sistance and  line  leakage.  I  wish  to  call  attention  to  the  ex- 
tremely simple  discussion  of  electromagnetic  waves  which  is 
to  be  foimd  in  the  first  volume  of  Heaviside's  Electromagnetic 
Theory,  pages  306  to  455,  in  which  the  fundamental  ideas  of 
electric-wave  motion  are  developed  on  the  basis  of  negligible 
attenuation  (due  to  resistance  of  line  and  leakage  between 
wires),  and  the  effects  of  line  resistance  and  line  leakage  are  then 
described  in  extremely  simple  terms  as  a  diffusion  phenomenon 
modifying  the  results  that  are  arrived  at  in  the  first  instance. 
I  know  of  no  discussion  of  electric  waves  more  edifying  than 
this  of  Heaviside's.  It  would  be  misleading,  however,  if  I  did 
not  mention  the  fact  that  throughout  the  second  volume  of 
Heaviside's  Electromagnetic  Theory  the  mathematical  formula- 
tion is  based,  as  it  must  be,  upon  exponential  and  periodic 
ftmctions  very  much  as  Dr.  Steinmetz  has  developed  it,  and  that 
the  mathematical  formulation  of  the  wave  pulse  is  accomplished 
by  the  aid  of  Fourier's  integrals.  Such  methods  must  be  used 
if  one  is  to  arrive  at  numerical  results,  but  I  think  that  a  clear 
conception  of  any  physical  phenomenon  is  a  thing  without 
which  no  one  can  make  use  of  numerical  results,  or  even  be 
led  to  seek  for  them. 
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PRIMARY  STANDARD  OF  LIGHT 

BY  CHARLES  P.  STEINMBTZ 

Light  is  not  a  physical  quantity,  btit  a  physiological  effect, 
that  of  certain  wave-lengths  of  radiation,  and  therefore  can 
not  be  expressed  in  absolute  physical  units;  it  must  be  measured 
by  comparison  with  an  arbitrarily  chosen  standard  of  physio- 
logical effect.  As  a  result  thereof,  even  with  the  best  existing 
primary  standard  of  light,  the  amylacetate  lamp,  the  difficulties 
of  reproduction,  and  maintenance  of  its  constancy,  are  such  as 
to  involve  errors  very  far  beyond  those  considered  permissible  in 
physical  measurements.  A  radical  increase  in  the  accuracy  of 
reproduction  and  maintenance  of  a  primary  standard  of  light 
appears  possible  only  by  relating  the  standard  of  light  in  such 
manner  to  physical  quantities,  that  it  can  be  determined  by 
energy  measurements. 

This  led  to  the  recommendation  of  defining  the  primary 
standard  of  light  by  the  energy  of  radiation.  It  requires,  how- 
ever, a  definition  of  the  quality  of  radiation,  since  the  physio- 
logical effect  of  radiation  has  no  direct  relation  to  the  energy 
of  radiation:  one  watt  of  radiation  of  a  wave-length  from 
the  center  of  the  visible  range  gives  a  far  higher  physiological 
effect,  that  is,  more  light,  than  one  watt  of  a  wave-length  near 
the  ends  of  the  visible  spectrum.  This  is  not  merely  a  fimction 
of  the  quality  or  color  of  the  light,  as  light  of  the  same  intensity 
and  same  color,  identical  physiologically,  may  be  entirely  dif- 
ferent physically,  and  therefore  represent  a  different  amount 
of  power.  For  instance,  the  physiological  effect  of  white  light 
is  produced  by  the  combination  of  all  colors  of  the  spectrum, 
but  also  by  an  infinite  number  of  combinations  of  two,  three, 
or  more  spectrum  colors;  and  these  physically  different  forms 
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of  white  light,  while  indistinguishable  on  the  photometer  screen, 
and  thus  physiologically  identical,  represent  different  amounts 
of  radiation  power  per  unit  of  physiological  effect,  or  per  candle- 
power.  The  same  reasoning  applies  to  colored  light.  The  power 
of  the  visible  radiation  is,  therefore,  not  a  measure  of  light. 

The  definition  of  the  absolute  unit  of  light  as  the  physiological 
effect  of  one  watt  of  power  of  visible  radiation,  requires,  there- 
fore, an  arbitrary  definition  of  the  distribution  of  power  through- 
out the  visible  range.  As  such  distribution  of  power  through 
the  visible  range,  may  be  chosen  that  of  the  black-body  radia- 
tion at  a  definite  temperature,  and  the  temperature  measure- 
ment may  be  eliminated  by  specifying  the  energy-ratio  between 
two  definite  regions  of  the  spectrum.  For  instance,  such  a 
definition  wotild  be: 

The  unit  of  light  is  that  given  by  a  black  body  radiating 
one  watt  of  power  between  the  wave-length  of  39  and  72,  under 
the  condition  (that  is,  at  the  temperature)  where  the  power 
of  radiation  from  wave  length  39  to  55  bears  to  that  from  55 
to  72  the  ratio  a. 

It  does  not  appear  to  me  that  such  a  standard  would  be  very 
satisfactory,  and  for  the  following  reasons: 

1.  Though  the  intensity  of  radiation  at  the  red  end  of  the 
spectrum  is  very  high,  the  physiological  effect  is  very  small,  and 
an  inaccuracy  at  this  limit  wotdd  therefore  seriously  affect  the 
result. 

2.  The  absorption  constant  of  glass  or  any  other  envelope 
is  different  for  different  wave-lengths. 

3.  Any  deviation  of  the  radiator  from  the  black-body  radia- 
tion vitiates  the  result. 

4.  The  color  of  the  light  would  not  be  white,  but  yellow, 
due  to  the  temperature  limitation  imposed  by  the  radiator. 

A  more  satisfactory  primary  standard  of  light,  based  on 
measurement  of  radiation  power  can,  as  I  believe,  be  produced 
by  selecting  three  primary  colors  of  the  visible  spectrum.  Let 
these  colors  be  of  definite  wave-length,  about  equidistant  from 
each  other,  and  of  such  character  that  they  can  be  absolutely 
reproduced  at  high  intensity,  as  the  spectrum  lines  of  a  luminous 
gas  or  vapor.  Then  define  the  unit  of  light  as  that  given  by 
one  watt  of  power  radiated  at  these  three  wave-lengths,  in 
definite  proportions,  chosen  so  as  to  give  white,  or  yellowish- 
white,  light.  That  is,  the  primary  unit  of  light  is  the  physio- 
logical effect,  as  observed  on  the  white  photometer  screen,  of 


Digitized  by  VjOOQIC 


1908]      STEINMETZ:  PRIMARY  STANDARD  OF  UGHT        1321 

one  watt  of  power,  radiated  in  the  three  definite  wave-lengths 
A,  J5,  C  in  the  proportion  a -5- 6 -he. 

The  adoption  of  this  standard  of  light  would  eliminate  the 
sources  of  error  which  now  affect  the  primary  flame-standard. 
The  radiation  density  or  light  flux  intensity  of  the  three  primary 
colors  is  measured  separately  before  they  are  combined  on  the 
same  photometer  screen,  and  the  accuracy  of  determination 
would  be  limited  only  by  that  of  physical  measurement  of  ra- 
diation energy,  by  bolometer  or  otherwise. 

This  standard  of  light  requires  three  sources  of  monochromatic 
radiation,  which  can  be  maintained  constant  with  any  desired 
exactness.  This  requirement  seems  fulfilled  by  the  mercury 
lamp.  When  reasonably  protected  from  air  drafts,  changes  of 
surrounding  temperatures,  etc.,  the  intensity  of  radiation  of  a 
mercury  lamp  remains  extremely  constant  at  constant  current, 
and,  for  minor  variations  of  current,  varies  directly  as  the 
current,  while  that  of  the  incandescent  lamp  varies  as  a  high 
power  of  the  curfent.  It  must  be  considered  that  a  reproduc- 
tion of  the  same  intensity  in  the  lamp  is  not  reqiiired,  as  is  the 
case  with  standard  lamps,  since  the  mercury  lamp  is  merely 
the  source  of  monochromatic  light,  and  its  intensity  is  measured 
and  adjusted. 

I  should  therefore  recommend  mercury  lamps  as  the  sources 
of  the  three  monochromatic  radiations,  which  combined  give 
the  primary  standard  of  light. 

Approximately,  some  of  the  brighter  lines  of  the  mercury 
spectrum  are  shown  in  Fig.  1  in  geometric  scale;  that  is,  with 
the  logarithm  of  wave-length  as  abscissas.  When  investigating 
the  combination  of  different  frequencies  to  a  resultant  effect, 
this  rational  scale,  which  is  the  scale  of  acoustics,  is  preferable.* 

*  The  usual  way  of  recording  spectra,  with  the  wave-length,  or  the 
frequency  as  abscissas,  is  irrational;  one  wave-length  in  the  ultraviolet 
represents  a  far  greater  range  than  in  the  ultrared.  The  infinite  num- 
ber of  radiations  of  shorter  wave-length,  or  higher  frequency  than  the 
visible,  are  crowded  into  a  finite  space,  when  using  wave-length  as  ab- 
scissas, while  the  lower  frequencies  or  longer  waves  cover  the  whole  range 
from  the  ultrared  to  infinity.  The  reverse  is  the  case  with  the  frequency 
as  abscissas.  The  intensity  curve  of  radiation,  measured  and  recorded 
with  the  wave-length  as  abscissas,  is  different  and  its  maximum  at  a 
different  point,  than  the  intensity  of  the  same  radiation,  plotted  with 
the  frequency  as  abscissas.  The  rational  scale  of  any  periodic  quantity 
is  the  geometric  scale,  where  equal  intervals  represent  equal  percentual 
increase  or  decrease;  that  is,  the  logarithmic  scale.  This  was  realized 
long  before  science  existed:  it  is  the  scale  used  in  music,  with  the  octave; 
that  is,  log  2,  as  abscissas 
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In  Fig.  2  the  mercury  spectrum  is  given  in  polar  co6rdinates 
with  the  octave,  or  the  ratio  of  wave-lengths  2-^1,  represented 
by  360®.  For  illustration,  the  frequency  denotations  of  acoustics 
are  recorded  in  Figs.  1  and  2;  that  is,  one  half-tone  represents  30®. 

For  comparison  the  spectrum  lines  of  Li,  Na,  Tl,  and  In  are 
also  shown. 

Of  the  spectrum  lines  of  mercury  of  approximate  wave 
lengths: 


Fig.  2 


40.5;  40.8; 
\'iolet 


43.55; 

blue 


49.2;  54.6; 
green 


57.8; 
yellow 


62.4; 
orange 


G7.2;e9.1; 
red*, 


the  lines: 

Blue 43.55 

Green 54 . 6 

Yellow 57.8 

*  The  wave-lengths  of  these  red  lines  require  re-determination.     Some 
of  the  other  lines  are  twins. 
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are  the  most  prominent.     The  three  red  lines,  and  many  more 
red  lines,  appear  only  at  higher  temperature,  as  in  the  Heraeus 
quartz  lamp. 
The  three  spectrum  lines  of  mercury: 

Blue 43.55 

Green 54 . 6 

Red 69.1 

are  about  equidistant  and  therefore  appear  the  most  suitable 
as  primary  colors  for  a  standard  of  light. 

Two  low- temperature  mercuiy  lamps  would  be  required  for 
the  blue  and  the  green,  and  one  high-temperature  quartz  lamp 
for  the  red.  These  would  be  maintained  at  constant  radiation 
by  maintaining  the  current  constant,  and  also  the  condition 
of  ventilation  and  surrounding  temperature. 

Resolved  by  a  prism,  the  blue  line  of  the  first,  the  green 
of  the  second,  and  the  red  of  the  third  lamp  are  thrown  on  the 
same  white  screen,  and  their  radiation  energy  measured  sep- 
arately. TVhat  energy  proportion  to  select  for  the  three  colors, 
to  give  a  color  suitable  for  a  primary  standard,  remains  to 
be  investigated.  Probably  a  yellowish-white  would  industrially 
be  most  com^enient. 

It  is  interesting  to  note  that  such  a  selection  of  three  primary 
colors  as  components  of  a  standard  of  light  would  also  allow 
an  exact  mmierical  expression  of  the  physiological  color  of 
any  light,  by  the  ratio  of  the  three  intensities,  a-^fe  —  c;  that 
is,  the  color  of  light  could  be  measured  by  varying  the  intensities 
of  the  three  standard  wave-lengths  until  their  combination,  on 
the  white  screen,  becomes  identical  in  color  with  the  observed 
light. 
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Discussion  on  "  Primary  Standard  op  Light."    Atlantic 
City.  N.  J..  July  2.  1908 

A.  E.  Kennelly  (by  letter):  The  paper  presents  a  certain 
fiindamental  physical  proposition  relating  to  a  fundamental 
standard  of  luminous  intensity,  and  also  a  practical  proposal 
suggesting  a  means  for  carrying  out  the  proposition.  In  so  far 
as  concerns  the  physical  proposition,  it  seems  to  be  unassailable, 
and  to  offer  a  theoretical  solution  for  the  problem  of  realizing 
a  standard  limiinous  intensity  of  definite  physiological  value, 
and  definitely  measured  energy;  that  is,  in  ergs  per  steradian, 
or  ergs  per  cubic  centimeter  from  point  to  point  of  the  luminous 
beam. 

As  regards  the  practical  suggestion  of  carrying  this  method 
into  effect,  it  seems  to  me  a  great  deal  of  experimental  work 
will  be  necessary  to  develop  the  method.  It  would  be  necessary 
not  only  to  develop  the  bolometric  method  of  measuring  the 
energy  in  the  three  component  beams  with  a  satisfactory  de- 
gree of  accuracy  for  standard  purposes,  but  it  would  also  be 
necessary  to  determine  the  physiological  stimulus  of  each  of 
these  three  colors  throughout  the  range  of  intensity  required 
in  photometric  measurements.  This  is  for  the  reason  that  in 
order  to  measure  the  light  given  by  any  particular  lamp,  such 
as  a  Hefner  flame,  for  example,  it  would  be  necessary  to  arrive 
at  a  color  balance  on  the  photometer,  by  altering  the  ratio  of 
the  intensities  in  the  three  component  beams.  This  would 
involve  an  alteration  in  the  luminous  stimulus,  or  light  sensa- 
tion, of  unit  intensity  of  the  composite  light  so  produced,  and 
the  luminous  intensity  of  the  Hefner  flame  could  only  be  ex- 
pressed in  terms  of  standard  light  after  taking  into  account 
the  change  in  physiological  effect  of  the  altered  components. 

Nevertheless,  Dr.  Steinmetz's  proposal  is  definite,  and  offers 
a  definite  chance  of  realizing  a  true  determination  of  light  in 
terms  of  energy,  as  the  outcome  of  experimental  research  along 
three  defined  wave  lengths  or  luminous  frequencies. 

The  suggestion  in  the  paper  that  the  scale  of  abscissas  should 
be  logarithmic,  instead  of  numerical,  seems  to  be  excellent  for 
many  graphical  purposes.  According  to  this  suggestion,  the 
visible  spectrum  would  be  divided  into  three  larger  regions 
(violet,  green,  and  red)  and  four  smaller  regions,  or  **  semi- 
tones," namely,  indigo  and  blue,  on  one  side  of  the  green,  and 
yellow  and  orange  on  the  other.  This  would  make  an  optical 
scale  of  approximately  three  tones  and  four  semi- tones,  or  ten 
semi-tones  altogether.  The  division  of  the  spectrum  would 
thus  naturally  fall  into  decimal  subdivisions  instead  of  into 
Angstr6m  units.  Each  first  decimal  place,  or  tenth  root  of  2, 
would  correspond  approximately  to  a  semi-tone  of  color,  while 
two  such  decimal  divisions  would  correspond  approximately  to 
a  tone  of  color. 

Edwin  P.  Hyde  (by  letter):  It  would  be  very  desirable 
indeed,  both  from  theoretical  and  practical  considerations,  to 
be  able  to  define  our  standard  of  light  in  terms  of  the  C.  G.  S, 
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system  of  units,  rather  than  have  it  without  any  known  con- 
nection with  other  physical  quantities.  The  suggestion  of  Dr. 
Steinmetz  would  seem  to  make  possible  such  a  detinition.  Ac- 
cording to  the  suggestion  we  would  define,  not  a  standard  of 
luminous  intensity,  but  a  standard  of  luminous  flux;  and  we 
would  measure  the  intensity  of  an  unknown  source  by  com- 
paring the  illumination  produced  by  the  flux  from  that  source 
with  the  illumination  produced  by  the  standard  flux.  Since 
according  to  our  present  methods  what  we  actually  do  is  to 
compare  illuminations  and  reason  by  means  of  known  or  assumed 
laws  to  the  Ixuninous  intensities  of  the  sources  producing  the 
illuminations,  it  is  only  necessary  that  we  have  a  standard 
luminous  flux,  and  not  that  we  have  a  source  of  standard  lu- 
itiinous  intensity. 

The  principal  difficulty  to  be  overcome  in  realizing  such  a 
standard  as  Dr.  Steinmetz  suggests  is  in  accomplishing  with 
the  requisite  accuracy  the  absolute  measurement  of  the  small 
amount  of  energy  contained  in  a  single  bright  line  in  the  visible 
spectrum.  The  determination  of  the  proper  proportions  of 
energy  in  the  three  regions  of  the  spectrum  to  give  the  required 
color,  and  the  reproduction  of  these  three  colors  in  their  proper 
proportions,  could  probably  be  accomplished  with  sufficient 
accuracy,  but  the  determination  of  the  energy  of  each  region 
in  absolute  units  would  be  a  much  more  difficult  tmdertaking. 
it  would  seem  to  me  that  a  suggestive  method  of  procedure 
might  consist  of :  first,  in  obtaining  as  intense  radiation  as  possible 
for  the  objective  measurements,  and  then  cutting  down  the  in- 
tensity, if  necessary,  by  sectored  disks  or  other  suitable  means  for 
the  photometric  measurements ;  and  secondly,  in  measuring  objec- 
tively the  energy  both  of  the  component  wave-lengths  and  of 
the  combined  flux — the  former  to  give  the  proper  proportions, 
and  the  latter  to  give  the  total  luminous  flux.  By  this  method, 
slight  errors  in  determining  the  proper  proportions  of  the  com- 
ponent parts  would  only  enter  as  second  order  effects  if  the  total 
flux  is  measured  accurately;  and  the  larger  the  total  quantity 
of  energy  measured  objectively  the  more  accurately  can  the 
measurement  be  made  when  we  are  dealing  with  relatively  small 
quantities  of  energy. 

Although  there  would  be  numerous  advantages  in  such  a 
standard  as  Dr.  Steinmetz  proposes,  if  such  a  standard  could 
be  realized,  there  is  one  slight  disadvantageous  feature,  which, 
however,  is  not  serious.  It  has  usually  been  customary  to  take 
the  standard  of  white  light  as  the  standard  also  of  spectral 
distribution  in  spectrophotometric  measurements.  This  can 
only  be  done,  of  course,  when  the  standard  has  either  a  con- 
tinuous spectrum,  or  else  a  large  number  of  bright  lines  well 
distributed  in  the  visible  region  of  the  spectrum.  The  use  for 
spectrophotometric  measurements  of  such  a  standard  as  that 
proposed  by  Dr.  Steinmetz  would  not  seem  feasible. 

With  the  adoption  of  a  common  international  tmit  of  lu- 
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minous  intensity  maintained  arbitrarily  by  means  of  incan- 
descent lamp  secondary  standards,  such  as  has  been  proposed, 
the  demand  for  a  suitable  primary  standard  of  light  is  not  as 
urgent  as  it  has  been  heretofore ;  it  is  nevertheless  just  as  im- 
portant as  ever,  and  the  proposal  of  Dr.  Steinmetz  to  define 
the  standard  in  watts,  with  a  prescribed  spectral  distribution, 
is  very  suggestive. 

W.  S.  Franklin  (by  letter) :  The  establishment  of  a  reliable 
and  reproducible  light  standard  is  of  very  great  importance, 
and  we  naturally  look  to  our  Bureau  of  Standards  to  carry  out 
such  researches  as  may  be  necessary  for  its  realization.  I  there- 
fore move  that  the  Bureau  of  Standards  be  requested  by  the 
Institute  of  Electrical  Engineers  to  undertake  such  researches 
as  may  be  necessary  to  determine  the  practicability  of  the 
light  standard  suggested  by  Dr.  Steinmetz,*  and,  to  develop 
such  a  primary  standard  of  light,  if  it  be  foimd  practicable. 

In  asking  the  Institute  to  place  itself  on  record  in  this  mat- 
ter, I  must  say  that,  as  it  seems  to  me,  Dr.  Steinmetz' s  proposal 
cannot  be  a  complete  solution  of  the  problem.  Indeed,  I  do 
not  believe  the  problem  is  capable  of  complete  solution.  Our 
present  ideas  of  precision,  and  the  theory  of  errors  of  observa- 
tion as  it  stands  at  present,  have  been  developed  almost  wholly 
in  connection  with  extremely  precise  measurements,  such  as 
measurements  in  astronomy  and  geodesy,  where  the  thing 
which  is  measured  approximates  very  closely  an  actual 
**  state  of  permanency,"  that  is,  where  the  thing  which  is  meas- 
ured actually  exists  as  an  im varying  physical  condition.  In 
attempting  to  establish  a  standard  of  light,  however,  it  is  im- 
portant, as  it  seems  to  me,  to  imderstand  that  the  present  ideas 
of  precision  of  measurement  are  in  many  cases  inapplicable. 
Measurement  in  its  most  general  aspects  consists  in  bringing 
two  things  or  systems  into  a  kind  of  congruence,  and  all  errors 
of  observation  originate  in  the  incompleteness  of  this  con- 
gruence test.  In  view  of  this  general  statement  it  is  possible 
to  distinguish  two  classes  of  errors  of  observation,  namely,  (a) 
errors  which  are  due  to  erratic  variations  in  the  thing  or  system 
which  is  being  measured,  and  (b)  errors  which  are  due  to  erratic 
variations  in  the  measuring  devices.  The  former  being  inherent 
in  the  thing  which  is  measured,  may  be  called  intrinsic  errors ; 
and  the  latter,  being  outside  of  the  thing  which  is  measured, 
may  be  called  extrinsic  errors. 

The  probable  error  of  a  result,  in  so  far  as  it  depends  upon 
extrinsic  errors  (irregularities  in  the  measuring  devices),  is  a 
measure  of  precision  in  the  ordinary  sense  of  that  term,  whereas 
the  probable  error  of  a  result,  in  so  far  as  it  depends  upon  in- 
trinsic errors  (irregularities  in  the  thing  or  system  which  is 
being  measured),  is  a  measure  of  the  degree  of  indefiniteness 
of  the  thing  which  is  measured. 

1.  Procbbdings  American  Institute  Electrical  Engineers,  March,  1908, 
p.  297. 
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It  is  generally  possible  to  distinguish  between  extrinsic  errors 
and  intrinsic  errors,  and  it  is  desirable  to  use  the  term  probable 
error  (as  calculated  from  extrinsic  errors)  as  a  measure  of  pre- 
cision, and  to  use  the  term  probable  departure  for  that  part  of 
the  probable  error,  ordinarily  so-called,  which  depends  upon 
intrinsic  errors. 

In  order  to  make  these  ideas  perfectly  clear,  let  us  consider 
a  particular  case  of  measurement  relating  to  erratically*  varying 
conditions.  For  example,  let  us  consider  the  repeated  measure- 
ment of  the  current  which  is  delivered  by  an  electric  railway 
power  station.  The  successive  measured  values  of  the  current 
differ  greatly  from  each  other,  and  one  might  proceed  in  the 
ordinary  way  in  the  determination  of  the  "  probable  error  "  of 
the  result.  Suppose,  however,  that  the  ammeter  is  carefully 
studied  by  measuring  with  it  a  very  carefully  controlled  current 
output  which  is  kept  as  nearly  constant  as  possible.  In  this 
way  the  systematic  and  erratic  errors  of  the  ammeter  may  be 
determined,  and  the  probable  error  of  an  ammeter  reading  under 
these  conditions  would  be  a  measure  of  the  precision  of  the 
instrument.  Let  a  be  the  probable  error  of  a  single  observation 
of  the  ammeter,  so  determined.  Let  A  be  the  probable  error 
of  a  single  reading  of  the  ammeter  as  determined  from  the  re- 
siduals of  the  observed  values  of  the  current  output  of  the 
station.  Then  A^  —  a'  is  the  probable  departure  of  the  current 
output  of  the  station  at  any  given  instant  from  its  mean  value ; 
that  is  to  say,  the  difference  between  the  mean  value  of  the  cur- 
rent output  of  the  station  and  its  actual  value  at  any  instant 
is  as  likely  to  be  greater  than  A^  —  a'  as  it  is  to  be  less  than 
A^-a\ 

Suppose  the  value  of  a  in  the  above  discussion  to  be  one  am- 
pere and  the  value  of  /I  to  be  ten  amperes.  Then  it  is  evident 
that  the  extrinsic  errors  (due  to  irregularities  in  the  measuring 
device)  in  the  above  measurement  are  entirely  negligible  in 
their  effect  on  the  result  as  compared  with  the  intrinsic  errors 
(due  to  irregularities  in  the  system  which  is  being  studied). 

Ordinary  photometry  presents  a  case  in  which  intrinsic 
errors  are  very  great,  because  the  actual  intensity  of  light  sensa- 
tion depends  upon  so  many  varying  conditions  which  are  be- 
yond control;  in  fact,  the  intensity  of  the  light  sensation  which 
is  produced  by  a  given  beam  of  light  depends  upon  manifold 
individual  peculiarities  of  the  person,  upon  the  degree  of  fatigue 
of  the  retina,  and  upon  the  degree  to  which  the  sensation  is  en- 
hanced by  attention,  to  say  nothing  of  variations  in  composition 
of  the  light  (relative  intensities  of  the  various  wave-lengths  which 

2.  Any  set  of  varying  conditions  must  be  thought  of  as  erratic  when 
no  attempt  is  made  to  analyze  the  varying  conditions  into  systematic 
groups.  Thus  the  variation  of  current  output  of  an  electric  railway 
power  station  is  to  be  thought  of  as  erratic  unless  an  attempt  is  made 
to  study  the  mean  daily  and  hourly  fluctuations  of  load.  For  the  present 
purpose,  the  current  output  of  such  a  station  is  assumed  to  be  erratic. 
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are  present).  It  would  therefore  seem  to  be  hopeless,  and  indeed 
meaningless,  to  attempt  to  establish  a  unit  of  light  which  would 
be  completely  definite  except  in  so  far  as  the  physical  character 
of  the  light  is  concerned.  The  proposal  of  Dr.  Steinmetz  does, 
in  fact,  seem  to  provide  for  complete  definiteness  of  the  light 
unit  from  a  physical  point  of  view,  and  the  degree  of  precision 
with  which  this  light  imit  might  be  reproduced  would  probably 
be  so  great  as  to  leave  nothing  to  be  desired,  considering  the 
very  great  intrinsic  errors  in  photometric  measurements. 

Carl  Hering:  I  have  been  very  much  interested  in  this  paper 
by  Dr.  Steinmetz,  and  am  very  glad  to  see  a  suggestion  in  a 
practical  form  of  a  new  imit  of  light,  based  on  the  power  equiva- 
lent. It  interests  me  personally,  because  I  have  for  a  number 
of  years  (since  1901  or  1902)  recommended  that  our  imit  of 
light  should  be  based  on  the  power  unit,  that  is,  that  the  unit 
of  light  should  be  defined  as  the  light  produced  by  one  erg  per 
second  converted  entirely  into  light.*  But  I  suggested  no 
specific  way  in  which  that  could  be  carried  out  practically 
other  than  to  base  it  on  one  selected  wave-length,  or  on  a  certain 
average  wave-length,  and  I  am  therefore  very  much  pleased  to 
see  that  Dr.  Steinmetz  has  offered  this  very  interesting  and 
apparently  possible  solution. 

There  is  another  reason  why  it  is  desirable  to  use  the  power 
unit  in  which  to  express  our  unit  of  light.  We  have  at  present 
three  groups  of  tmits,  the  absolute  (or  electrical)  imits,  the  grav- 
itational units,  and  the  heat  tmits.  All  of  our  imits,  except  those 
of  light,  can  be  referred  to  one  of  these  three.  They  have  as 
connecting  links  the  mechancial  equivalent  of  heat,  the  accelera- 
tion of  gravity,  and  the  specific  heat  of  water.  Each  of  these 
three  groups  of  units  was  originally  started  on  an  entirely 
independent  basis,  and  the  connecting  links  had  to  be  derived 
afterwards  by  experiment.  We  have  at  present  a  tmit  of  light 
which  does  not  belong  to  any  of  these;  it  is  based  on  an  entirely 
new  fotmdation,  and  it  will  be  necessary  to  find  by  experiment 
the  connecting  links  with  these  three  groups  of  units.  Dr. 
Steinmetz's  suggestion  is  not  to  form  such  a  new  group,'jbut  to 
start  by  making  the  tmit  of  light  coincident  with  one  of  the 
existing  groups,  namely,  the  electrical  or  absolute  units. 

The  term  **  unit  of  light  '\  used  throughout  Dr.  Steinmetz's 
paper,  might  be  confused  with  the  term  "  candle-power ''  by 
those  who  have  not  paid  particular  attention  to  the  subject  of 
light  imits.  Of  course,  he  does  not  mean  candle-power,  he  means 
flux  of  light,  as  he  stated  in  his  abstract.  There  is  evidently 
no  possibility  of  an  equivalent  between  watts  and  candle-power. 
The  only  equivalent  can  be  between  watts  and  flux  of  light. 
Flux  of  light  is  equal  to  candle-power  multiplied  by  a  solid  angle, 
or  to  illumination  multiplied  by  a  surface. f     We  use  the  term 

•  See  Conversion  Tables,  Hering,  p.  3;  also  p.  147. 
t  See  Conversion  Tables,  Hering,  p.  147. 
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**  watts  per  candle-power'* — but,  of  course,  that  is  well  known 
to  be  an  irrational  expression,  although  it  has  come  into  our 
nomenclature.  We  mean,  of  course,  watts  per  spherical  or 
hemispherical  candle-power. 

I  call  attention  to  an  error  in  the  diagram  of  the  musical 
scale,  in  which  the  **  a  *'  to  the  left  should  be  **  e."  I  suggest 
that  the  English  equivalents  be  added  to  this  musical  scale,  as 
it  will  then  be  more  easily  luiderstood  by  English  readers;  Dr. 
Steinmetz  has  apparently  adopted  the  German  nomenclature. 
Why  does  he  reverse  the  conventional  methods  in  the  diagram 
by  having  the  shorter  wave-length  to  the  left  and  the  longer 
wave-length  to  the  right,  instead  of  the  reverse,  which  is  the 
universal  method  in  musical  practice ;  also  in  showing  the  spec- 
trum, in  which,  I  believe,  it  is  conventional  to  show  the  red  end 
to  the  left  and  the  blue  end  to  the  right?  There  is  an  error  in 
the  text  a  little  further  on:  one  tone  represents  60  deg.,  not  30 
deg. 

At  the  close  of  the  paper.  Dr.  Steinmetz  says  that  any  color 
can  be  made  up  of  these  three.  I  am  interested  in  knowing 
whether  he  is  really  quite  sure  of  that,  for  the  following  reason : 
If  we  take  three  colored  pigments  and  mix  them  together,  we 
will  get  a  certain  color;  now  if  we  take  some  of  that  mixed  pig- 
ment, and  mix  with  it  some  white  pigment,  and  then  take 
some  more  and  mix  with  it  some  black  pigment,  we  will  have, 
with  the  original  mixture,  three  distinct  colors.  Each  one  of 
them  will  have  the  same  relative  quantities  of  the  three  original 
colored  pigments  in  it,  and  yet  it  will  in  itself  be  an  entirely 
different  color  from  the  other  two.  It  might  be  said  that  they 
are  shades  of  the  same  color.  Now  the  question  is,  whether  a 
parallel  to  this  exists  ifa  the  mixing  of  light  rays.  That  is,  is 
there  in  the  mixing  of  light  ra^'^s,  something  which  corresponds 
to  the  admixture  of  white  pigment  or  black  pigment  to  a  colored 
pigment? 

Some  years  ago,  when  I  was  interested  in  this  subject  of  the 
equivalent  between  power  units  and  light  units,  I  desired 
to  know  about  what  the  magnitude  of  that  imit  would  probably  • 
be;  that  is,  what  the  conversion  factor  between  light  and  power 
would  be.  I  foimd  some  determinations  made  quite  a  number 
of  years  ago  and  after  recalculating  them  to  bring  them  to  our 
present  units,  I  found  the  figures  to  be  5.3  spherical  candles 
per  watt.*  That  figure  might  be  termed  the  electrical  equiva- 
lent of  light.  Hence,  if  the  original  tests  were  correct  (I  took 
them  as  I  found  them  and  am  not  responsible  for  their  correct- 
ness), the  figure  will  be  about  of  that  magnitude,  which  corre- 
sponds to  0.188  watt  per  spherical  candle-power.  If  this  figure 
be  correct,  that  would  be  the  ultimatum  which  we  will  ever  be 
able  to  reach,  as  it  would  mean  an  efficiency  of  100  per  cent. 

*  Mechanical  Equivalent  of  Light,  Hering,  Elec.  World,  April  20,  1901, 
p.  631. 
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The  unit  which  Dr.  Steinmetz  proposes  naturally  involves  the 
solid  angle  when  reduced  to  candle-power,  and  we  therefore 
have  the  choice  now  in  defining  that  unit,  of  selecting  either 
the  steradian  (or  absolute  unit  solid  angle)  or  the  sphere,  as  the 
solid  angle  to  be  included  in  that  unit.  Selecting  the  sphere 
eliminates  the  troublesome  4  k  from  most  of  our  calculations 
of  light  flux,  which  are  made  in  spherical  candles,  and  are  not 
based  on  steradians. 

Cla3rton  H.  Sharp:  I  would  like  to  submit  that  when  any 
member  of  this  Institute  is  going  to  present  to  us  a  general 
solution  of  the  electric  circuit  and  the  general  solution  of  the 
perhaps  equally  difficult  problem  of  the  standard  of  light,  he 
should  at  least  give  us  a  chance  to  catch  our  breath  in  between. 

It  looks  to  me  as  if  this  were,  in  a  way,  a  general  solution  of 
this  problem.  The  whole  question  of  the  standards  of  light, 
the  history  of  the  subject,  shows  how  difficult  the  problem 
has  been.  For  many  years  the  flame  standards  were  used,  and 
were  sufficiently  good  for  the  purpose.  With  the  introduction 
of  electric  lamps,  which  were  capable  of  more  accurate  measure- 
ment, a  greater  precision  in  photometry  was  at  once  demanded, 
and  certain  fundamental  difficulties  which  exist  in  flame  stand- 
ards became  known  for  the  first  time. 

As  a  solution  of  the  question  of  a  more  reliable  standard  of 
light,  Violle  came  to  the  front  with  his  propositions,  namely, 
the  use,  as  a  standard,  of  the  light  emitted  by  a  square  centi- 
meter of  platinum  at  its  point  of  solidification.  This  proposal, 
being  on  the  face  of  it  very  attractive,  was  received  and  adopted 
at  several  electrical  congresses,  but  it  has  never  been  found 
feasible  to  put  it  into  practical  operation,  because  a  sufficiently 
accurate  reproduction  of  this  so-called  **  absolute  "  unit  of  light 
could  not  be  carried  out.  Other  propositions  ha\'e  been  made 
of  a  similar  nature,  and  the  proposal  to  use  energy  measure- 
ments is  not  a  new  one.  We  find  that  Lummer  made  an  ex- 
tensive investigation  of  a  standard  of  light  which  was  defined 
in  this  way:  "the  standard  light  shall  consist  of  the  luminous 
radiation  from  a  surface  of  platinum  brought  to  such  a  tem- 
perature that  the  ratio  of  the  radiation  which  it  will  transmit 
through  a  certain  cell  containing  water  to  its  total  radiation  per 
unit  surface  is  as  1  to  10."  Now,  it  should  be  theoretically  possible 
to  define  a  standard  in  this  way.  The  great  difficulty  with  such 
a  definition,  however,  is  that  it  involves  the  measurement  of  the 
ratio  of  the  intensities  of  radiation,  one  of  which,  at  least,  is 
very'  low.  Another  difficulty  with  it  is  that  it  depends  upon  the 
radiating  properties  of  a  certain  substance,  namely,  platinum. 
This  latter  difficulty  might  be  obviated  by  using,  instead  of 
the  platinum  surface,  a  surface  of  a  theoretical  black  body. 
However,  the  first  difficulty  would  remain,  and  it  seems  to  be 
of  sufficient  importance  to  preclude  the  possibility  of  establish- 
ing an  accurate  standard  in  this  way. 
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The  proposition  which  is  made  to  us  to-day  appears  to  be  the 
very  first  one  which  offers  a  chance  of  the  estabHshment  of  a 
standard  of  Ught  based  on  energy  measurements,  and  inde- 
pendent of  the  properties  of  any  substance  whatever.  Not 
only  does  it  offer  us  a  standard  of  Ught,  but  it  gives  us  also 
the  possibility  of  a  standard  for  the  measurement  of  colored 
light,  since  a  variation  of  the  proportions  of  the  different 
colors  used  will  produce  a  variation  in  the  resultant  tint.  The 
latter  feature  may  very  well  be  one  of  considerable  importance  in 
view  of  the  ever-increasing  diversity  in  tints  of  the  lights  that 
we  have  actually  to  measure  in  the  photometer  room. 

As  Dr.  Steinmetz  has  said,  we  have  to  deal  here  with  a  phy- 
siological effect,  and  not  with  a  purely  physical  effect.  Ordina- 
rily, the  physiological  effect  which  we  get  from  an  incandescent 
lamp,  or  from  most  of  our  light  sources,  is  an  effect  made  up 
of  the  various  wave-lengths  of  the  spectrum;  in  other  words, 
the  spectra  of  our  common  light  sources  are  continuous  spectra, 
and  have  difference  in  color  on  account  of  a  continuous  differ- 
ence in  the  ratio  of  the  intensities  of  the  various  wave-lengths. 

It  is  to  my  mind  an  open  question,  one  which  must  be  sub- 
mitted to  experimental  determination,  whether  we  shall  get 
ultimately  the  same  effect  from  the  admixture  of  three  mono- 
chromatic lights  that  we  would  get  from  a  polychromatic  source; 
whether  it  is  not  possible  that  minor  differences  in  the  sensibility 
of  individual  eyes  to  the  different  colors  will  not  become  much 
more  apparent  when  we  measure  a  polychromatic  source  against 
a  source  which  is  made  up  of  three  colors,  than  when 
we  are  measuring  two  polychromatic  sources,  one  against  the 
other.  Will  the  physiological  effect  of  three  colors  mixed  to- 
gether in  all  cases  be  the  same  as  the  physiological  effect  of  all 
the  colors  mixed  together,  though  in  varying  proportion? 

In  regard  to  the  difficulties  of  the  actual  energy  measurements 
which  are  involved  in  the  realization  of  this  solution  of  the 
standard  of  light,  it  seems  to  me,  while  they  are  very  consider- 
able, yet  they  are  not  necessarily  insuperable,  because  it  is  not 
necessary,  as  I  understand  it,  to  deal  with  any  extremely  small 
quantities  of  energy.  There  is  no  reason  why  the  sources  which 
are  used  for  the  production  of  these  three  lines  diould  not  be 
sufficiently  powerful  so  that  there  will  be  no  small  concentration  of 
energy  in  each  of  the  lines,  and  so  that  it  will  become  physically 
possible  to  measure  the  radiation-intensity  of  each  of  these 
lines  with  a  sufficient  degree  of  accuracy  for  the  purpose.  I 
think  there  is  no  doubt  that  the  method  ought  to  be  given  a 
very  thorough  trial  indeed,  and  I  think  also  that  the  place 
where  it  ought  to  be  tried  and  investigated  is  the  Bureau  of 
Standards,  at  Washington,  where  the  answer  to  the  question  can 
be  foimd,  if  it  can  be  found  anywhere. 

I  think  there  was  some  confusion  in  the  statements  of  the 
last  speaker  in  regard  to  the  nomenclature  of  this  matter.     As 
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I  understand  it,  Dr.  Steinmetz's  proposal  looks  to  the  produc- 
tion of  a  standard  illumination  on  a  given  surface.  Now, 
illumination  is  not  the  same  thing  as  candle-power,  though  it 
can  be  referred  to  the  theoretical  point-source  of  light  placed 
at  a  certain  distance  from  the  surface  which  is  illuminated. 
Neither  is  illumination  simply  flux  of  light,  but  it  is  flux  of  light 
per  unit  area,  or  flux  density,  and  consequently  the  proposition 
is  to  produce,  really,  a  standard  illumination  on  a  surface,  and 
if  we  wish  to  refer  that  to  an  imaginary  point-source  of  light, 
which  really  does  not  exist  in  the  experiment,  we  can  say  that 
illumination  is  produced  by  a  source  of  one  candle-power. 
However,  the  solid  angle  does  not  enter  into  the  question  di- 
rectly, neither  necessarily  does  the  candle-power  enter  into  the 
question  directly,  nor  does  the  4  tz  come  in.  It  is  a  question 
simply  of  producing  a  imit  or  standard  illumination  on  a  given 
surface,  or  unit  flux  density,  or  unit  flux  per  imit  area;  for 
when  we  get  right  down  to  the  fimdamentals,  it  is  flux  we  have 
to  deal  with  in  the  case  of  light.  The  candle-power  notion  or 
concept  is  more  or  less  fictitious  and  superfluous,  though  con- 
venient for  many  purposes.  For  other  purposes,  the  candle- 
power  notion  cannot  enter  in;  we  must  come  to  the  idea  of 
luminous  flux  and  base  our  computation  of  illumination  on  the 
idea  of  a  luminous  flux,  as  is  quite  eviflent  when  we  consider 
any  space  illuminated  by  the  so-called  indirect  method,  where 
the  ceiling  is  brightly  illuminated,  and,  serving  as  a  secondary 
source  of  Hght,  illuminates  other  parts  of  the  room.  Evidently, 
there  is  no  candle-power  there,  it  is  all  a  case  of  luminous  flux 
from  the  ceiling  falling  on  other  surfaces  of  the  room  and  illu- 
minating them. 

I  think  we  are  to  be  congratulated  that  this  first,  and  cer- 
tainly we  hope  the  true,  solution  for  the  absolute  definition 
of  a  standard  of  light,  emanates  from  this  country,  and  is  pre- 
sented for  the  first  time  to  this  Institute. 

C.  A.  Perkins:  It  is  not  necessary  for  me  to  add  my  con- 
gratulations to  Dr.  Steinmetz  for  his  valuable  paper,  but  I  wish 
to  emphasize  the  fact  that  it  is  a  step  toward  the  solution  of  a 
problem  which  is  impossible  from  its  nature. 

As  Dr.  Steinmetz  has  just  explained,  illumination  is  a  phy- 
siological phenomenon  and  cannot  be  measured.  It  is  im- 
possible to  say  that  a  red  light  is  as  bright  as  a  blue  light.  It 
is  impossible  to  say  that  a  Welsbach  burner  is  so  many  times 
as  bright  as  a  Hefner  lamp.  The  ratio  depends  on  the  eye  of 
the  observer,  and  also  is  a  matter  of  personal  estimate  or  judg- 
ment, and  is  i)ot  capable  of  measurement. 

Yet  the  proposed  standard  simplifies  the  problem  of  comr 
paring  lights  of  different  colors  very  materially,  by  reducing 
all  the  colors  to  three. 

The  next  step  will  be  to  fix  upon  numbers  which  may  reprer 
^nt  the  brightness  pf  e&ph  of  thejse  primary  sources  (in  candle* 
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power  per  watt)  based  upon  the  average  judgment  of  a  large 
number  of  observers.  The  number  thus  determined  will  be 
more  or  less  arbitrary  but  will  represent  in  a  fairly  satisfactory 
way  the  average  judgment  and  the  normal  eye.  When  the 
relative  brightness  of  the  primary  sources  has  been  fixed  upon, 
the  various  secondary  standards — Hefner,  pentane  or  incan- 
descent lamps — may  be  expressed  definitely  in  terms  of  the  pri- 
mary standards,  and  the  comparison  of  colored  sources  will  be 
definite,  though  it  cannot  be  absolute. 

John  B.  Taylor:  Dr.  Steinmetz  has  several  times  told  me 
that  he  had  no  proper  musical  training  or  appreciation,  but  in 
this  paper  he  gives  us  a  rainbow  set  to  music,  and  leads  me  to 
hope  that  he  has  taken  up  a  new  subject,  old  as  an  art,  but  still 
having  many  unsolved  physical  and  mathematical  problems. 

I  wish  to  point  out  a  few  discrepancies  as  they  appeal  to 
me.  In  the  first  place,  if  we  are  going  to  replot  the  spectrum 
on  a  rational  basis,  why  do  we  use  wave-length  at  all?  The 
essence  of  light,  as  well  as  of  sound,  is  frequency,  and  not 
wave-length.  Sodium  light  has  a  certain  rate  of  vibration, 
while  its  wave-length  is  only  incidental  to  the  transmitting 
medium,  having  one  value  in  air  and  other  values  in  glass, 
water,  etc.  The  same  is  true  of  sound.  Pitch  depends  on  fre- 
quency, while  the  wave-length  of  a  sound  of  given  pitch  has 
different  values  in  air,  hydiogen,  water,  and  wood.  So  it  seems 
we  should  rightly  lay  out  the  spectrum  on  the  basis  of  fre- 
quency instead  of  wave-length,  frequency  being  really  the 
essence  of  light  and  color. 

I  agree  with  Mr.  Hering,  that  the  English  and  American 
names  of  the  musical  tones  would  be  more  appropriate  for  this 
Institute.  The  German  **  cis's  "  and  **  fis's  "  are  not  so  familiar 
to  most  of  us  as  c-sharp  and  f-sharp,  which  in  addition 
to  the  misprints  and  backward  arrangement,  have  obscured, 
the  optical  and  acoustical  comparison.  The  use  of  frequencies, 
rather  than  wave-lengths,  will  naturally  bring  red  on  the  familiar 
left  end  of  the  spectrum  and  the  musical  scale  will  read  from 
left  to  right. 

I  do  not  see  the  arguments  for  a  logarithmic  scale  in  repre- 
senting the  spectrum.  The  musical  system,  both  melodic  and 
harmonic,  is  based  entirely  on  the  ratios  of  frequencies,  and 
music  as  written  is  essentially  a  curve  or  curves  with  time  as 
abscissas  and  logarithms  of  frequencies  as  ordinates.  I  have 
never  yet  been  able  to  find  that  there  is  anything  in  the  optical 
scale  corresponding  to  this  matter  of  ratios  in  the  acoustical 
scale.  It  is  true  that  certain  combinations  of  colors  will  be 
harmonious  while  other  combinations  will  not  be  pleasing. 
For  example,  it  is  generally  agreed  that  pink  and  red  do  not  go 
well  together.  Is  it  possible  to  take  two  different  colors  and 
say  that  these  are  not  harmonious,  on  account  of  the  ratio  of 
their  frequency?    There  is  a  definite  period  in  music.     In  a 
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well-recognized  sense,  after  the  interval  of  an  octave,  we  go 
over  the  same  ground  again. 

I  hope  Dr.  Steinmetz  can  show  more  clearly  some  periodic 
property  of  the  spectrum  or  something  depending  on  ratios  of 
frequencies  to  justify  the  logarithmic  plot. 

Carl  Hering:  Dr.  Sharp  says  there  is  some  confusion  of  terms 
in  my  remarks.  I  am  confident  that  Dr.  Steinmetz  will  agree 
with  me  that  his  proposed  unit  is  not  a  unit  of  illumination,  as 
Dr.  Sharp  says,  but  a  unit  of  flux,  which  is  equivalent  to  illumina- 
tion multiplied  by  an  area,  or  candle-power  multiplied  by  a  solid 
angle^reither  one  gives  the  same  result.  I  am  quite  familiar 
with  the  various  units  and  measures  of  light  and  the  relations 
between  them,  as  I  gave  some  attention  to  this  question  of 
equivalency  between  watts  and  light  some  years  ago  and  I  am 
sure  there  is  no  confusion  in  my  mind 

E.  B.  Rosa:  I  am  interested  in  this  proposition  of  Dr. 
Steinmetz,  and  should  sincerely  like  to  see  it  realized.  It 
would  be  important  to  make  a  serious  attempt  to  get  a  primary 
photometric  standard  in  this  way,  which  should  be  sufficiently 
satisfactory  to  be  considered  to  solve  the  problem.  It  seems 
probable  that  it  might  be  somewhat  difficult  to  make  the  energy 
measurements  with  the  required  accuracy,  and  perhaps  this  will 
prove  to  be  an  insurmoim table  difficulty;  and  yet  I  have  no 
doubt  that  if  the  attempt  were  made  seriously,  sufficient  in- 
formation and  experience  would  result  from  the  work  to  pay  for 
the  effort,  even  if  it  did  not  result  entirely  satisfactorily.  It 
often  happens  that  when  a  serious  effort  on  a  difficult  problem 
is  made  and  continued,  a  great  many  new  things  appear  in  the 
work  that  are  of  considerable  value,  by-products,  so  to  speak, 
of  the  investigation.  I  think  this  field  might  be  a  very  valuable 
and  promising  one  to  investigate  thoroughly,  with  the  hope,  of 
course,  that  the  problem  of  finding  a  primary  photometric 
standard  would  be  solved.  At  any  rate,  I  think  it  would  be 
proper  to  consider  it  very  carefully. 

I  appreciate  also  the  words  of  confidence  in  the  Bureau  of 
Standards  that  have  been  expressed.  This  investigation  is 
clearly  in  the  field  of  work  of  the  Bureau  of  Standards,  and  the 
Director  of  the  Bureau  would  be  very  glad,  I  have  no  doubt, 
to  take  up  the  work  without  any  request  from  the  Institute, 
as  soon  as  practicable.  Nevertheless  a  request  made  by  the 
Institute  would  be  very  proper,  and  I  would  be  glad  to  see  that 
request  made  formally,  because,  as  you  will  easily  understand, 
the  Bureau  has  so  many  fundamental  problems  on  hand,  more 
than  it  can  at  present  undertake,  that  it  needs  support  in  its 
work;  it  needs  the  expression  of  confidence  of  this  Institute, 
and  the  moral  support  of  the  engineering  fraternity  at  large 
in  its  work.  Such  support  will  enable  it  to  get  the  assistance 
and  to  develop  the  force  that  it  needs  in  order  to  take  up  such 
problems,  and  therefore  it  can  do  more  of  that  kind  of  fimda- 
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mental  work  if  interest  is  expressed  in  such  a  concrete  way  as 
is  here  proposed.  I' can  easily  see  that  such  an  investigation 
might  last  over  a  considerable  period  of  time.  We  now  have 
some  problems  on  hand  that  have  already  extended  over  con- 
siderable periods  of  time,  but  in  most  cases  they  have  been  verj'' 
profitable  investigations  to  pursue;  and  entirely  apart  from  the 
primary  objects  of  the  investigation,  the  results  have  been  of 
considerable  importance. 

I  wish  again  to  express  my  interest  in  the  suggestion  of  Dr. 
Steinmetz,  and  certainly  consider  it  of  value. 

Carl  Hering:  I  make  the  motion  that  the  Board  of  Di- 
rectors of  this  Institute  be  requested  to  refer  to  the  Bureau  of 
Standards  the  question  of  the  establishment  of  a  standard  of 
light  as  proposed  in  this  paper  of  Dr.  Steinmetz.  (The  motion 
was  imanimously  carried.) 

H.  S.  Carhart:  I  have  only  a  few  words  to  add  to  what 
has  already  been  said.  I  suppose  the  reason  why  Dr.  Steinmetz 
has  chosen  three  distinct  wave-lengths  to  enter  into  this  com- 
bination for  luminous  intensity  or  luminous  flux  is  the  fact 
that  there  are  three  distinct  primary  color  sensations.  It  would 
be  desirable,  first,  to  be  assured  that  we  get  an  average  deter- 
mination of  the  wave-lengths  of  these  three  primary  colois, 
as  applied  to  the  eyes  of  different  individuals,  because  there  is 
individuality  in  this  matter.  Secondly,  we  should  measure  the 
relative  energy  in  the  three  wave-lengths  to  produce  any  definite 
color,  such  as  yellowish  white.  This  task  would  be  one  of  con- 
siderable difficulty.  In  that  way  we  should  be  able  to  get  the 
average  energy  of  the  primary  colors  required  to  reproduce  a 
light  of  any  given  tint  and  intensity.  It  can  readily  be  seen 
that  such  processes  as  these  would  necessarily  require  a  good 
deal  of  time  in  order  to  realize  them. 

I  think  one  of  the  speakers  has  been  confused  a  little,  if  I 
may  call  attention  to  the  fact — the  mixture  of  three  colored 
lights  is  a  totally  different  thing  from  the  mixture  of  pigments. 
The  mixture  of  pigments  is  a  process  of  absorption,  and  the 
mixture  of  lights  is  a  matter  of  superposition  and  addition.  If 
we  have  red  glass,  which  cuts  off  the  violet  end  of  the  spectrum, 
and  blue  glass,  which  cuts  off  the  red  end  of  the  spectrum, 
and  if  we  put  one  in  front  of  the  other,  the  only  light  that 
comes  through  is  a  little  of  the  red.  This  is  like  the  mixture 
of  pigments.  We  should  be  very  careful  not  to  confuse  mixture 
of  pigments  with  mixture  of  colors.  What  we  have  in  the 
paper  is  three  colored  lights,  coming  from  three  sources  of 
definite  wave-length.  I  am  greatly  interested  in  the  propo- 
sition, and  think  it  is  really  hopeful  enough  to  suggest  to  the 
Bureau  of  Standards,  as  has  already  been  done,  for  investigation. 

Chas.  P.  Steinmetz:  Three  colors  I  selected  as  primary  colors, 
since  three  primary  colors  are  sufficient  by  their  combination  to 
produce  all  other  colors,  representing  these  by  the  ratio  of  the 


Digitized  by  VjOOQIC 


19081  DISCUSSION  AT  ATLANTIC  CITY  1337 

energies  of  the  three T>rimary  colors.  As  seen,  this  is  essentially 
the  representation  of  the  points  of  the  color  plane  by  a  system 
of  symmetrical  coordinates.  Combinations  of  two  colors  are 
not  sufficient  to  produce  all  other  colors,  but  at  least  three  are 
neede*d.  In  regard  to  the  selection  of  the  three  primary  colors, 
I  tried  to  get  three  colors  forming  as  nearly  as  possible  an  equi- 
lateral triangle  in  the  polar  diagram,  or  in  the  color  plane,  as 
shown,  so  as  to  get  the  maximum  accuracy  in  their  combina- 
tion. There  was  a  second  consideration.  The  three  points  of 
the  equilateral  triangle  I  tried  to  select  so  as  to  have  a  maximum 
distance  from  the  ends  of  the  spectrum,  since  at  the  ends  of  the 
spectrum  the  physiological  equivalent  of  power  is  low  and  van- 
ishing, and  therefore  if  one  of  the  lines  were  chosen  close  to 
the  end,  as  for  instance  dark  red,  it  would  mean  there  would 
always  be  a  large  percentage,  in  power,  of  red  rays,  even  to  pro- 
duce a  color  which  appeared  to  the  eye  deficient  in  red.  For 
greatest  accuracy,  it  is  however  desirable  to  have  the  three 
numerical  values  of  power  of  primary  colors  as  nearly  of  the 
same  magnitude  as  possible.  The  two  outside  colors,  blue 
and  red,  are  therefore  chosen  about  equidistant  from  the  ends 
of  the  spectrum,  as  two  comers  of  the  equilateral  triangle, 
which  brings  the  third  comer  into  the  middle  of  the  spectrum, 
in  the  green.  You  can  choose  any  other  set  of  spectrum  colors, 
but  I  believe  the  best  way  would  be  to  choose  the  three  points  of 
an  approximately  equilateral  triangle,  with  the  two  outside 
comers  as  far  away  from  the  ends  of  the  spectrum  as  possible, 
as  was  done  by  me. 

As  regards  the  scale  adopted,  I  must  apologize,  for  my  mu- 
sical education  was  so  badly  neglected  that  I  still  used  the 
Italian  scale,  instead  of  the  flats  and  sharps  of  the  English 
notation.     I  believe,  however,  it  will  be  equally  intelligible. 

As  regards  the  wave-length;  what  I  give  is  not  really  the 
logarithm  of  the  wave-length,  but  the  logarithm  of  the  fre- 
quency. The  wave-length  of  light  is  not  constant,  but  a  func- 
tion of  the  medium.  However,  the  logarithm  of  the  wave- 
length in  any  medium  is  the  same,  and  is  also  the  logarithm  of 
the  frequency,  except  with  reversed  sign  and  shifted  decimal 
point.  It  therefore  is  immaterial,  in  the  logarithmic  scale, 
whether  wave-length  or  frequency  is  used;  either  gives  the 
same  curve  or  figure,  except  turned  over,  and  it  obviously  is 
immaterial  whether  the  red  end  of  the  spectrum  is  on  the  right 
or  on  the  left  side. 

In  regard  to  the  bearing  of  the  acoustic  scale,  you  will  see  if 
you  look  at  the  polar  diagram,  that  it  is  material,  and  that  the 
wave-length  is  not  the  right  measure.  In  the  acoustic  or  polar 
diagram,  two  diametrically  opposite  points  are  of  complementary 
color,  that  is,  combined  give  white  light,  or  approximately  white 
light  (after  all  **  white  "  is  a  rather  indefinite  expression).  This 
is  not  the  case  in  the  representation  by  wave-length,  nor   in 
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the  representation  by  frequency;  but  in  either  case  you  find 
that  one-half  of  the  visible  spectrum  represents  much  less 
variation  of  the  physiological  effect,  that  is,  change  of  color, 
than  the  other  half. 

About  color  representation:  If  we  represent  colors  by  a  com- 
bination of  the  three  primary  radiations,  we  still  have  different 
values  for  the  same  color,  representing  different  color  densities. 
For  instance,  a  certain  yellow  light  may  be  represented  by: 
red,  60;  green,  60;  blue,  0.  The  same  yellow  light,  but  of  a 
lighter  shade,  maybe  represented  by :  red,  45;  green,  45;  blue,  10, 
Still  a  lighter  shade  by:  red,  40;  green,  40;  blue,  20;  until  ulti- 
mately you  reach  white  light. 

I  believe  that  even  the  densest  yellow  light,  produced  from 
the  primary  colors:  red,  50;  green,  50;  blue,  0,  is  yet  not  the 
spectrum  yellow;  that  is,  not  as  pure  yellow  as  the  spectrum 
yellow,  and  that  the  spectrum  yellow  would  be  represented  by 
something  like:  red,  55;  green,  65;  blue,  —10.  This  ratio: 
65 -^  55-^—10  represents  a  point  of  the  plane  outside  of  the  equi- 
lateral triangle  formed  by  the  primary-color  points,  and  such 
probably  is  the  case  with  the  spectrum  yellow  and  with  all  the 
spectrum  colors,  except  the  three  colors  selected  as  primaries. 

Physically,  this  means  that  if  we  desire  to  compare  the  spec- 
trum yellow  with  our  three-color  combination,  no  combination 
of  red,  green  and  blue  can  be  found  to  equal  the  spectrum  yel- 
low, but  that  a  combination  of  red  and  green  can  be  found  to 
equal  a  combination  of  the  spectrum  yellow  and  blue,  and  in 
this  case  the  blue  becomes  sub  tractive.  It  is  the  same  as 
balancing  a  weight  by  putting  too  much  weight  on  the  other 
scale,  and  then  putting  some  weights  on  the  first  scale,  i.e., 
balancing  by  taking  some  weights  back.  We  may  do  the  same 
in  color  representation.  Theoretically,  I  believe  all  pure  spec- 
trum colors,  except  the  three  selected  as  primary,  would  be 
represented  by  combinations  of  the  three  primary  colors  with 
one  of  the  primary  radiations  as  negative. 

As  regards  the  mechanical  equivalent  of  light,  I  do  not  agree 
with  the  value  mentioned  by  Mr.  Hering,  0.188  watts  per 
candle-power,  for  the  reason  that  efficiencies  of  arcs  have  been 
measured  which  give  lower  watts  per  mean  spherical  candle-power 
than  that.  In  some  powerful  titanium  arcs  values  considerably 
lower  have  been  found,  and  in  those  cases  the  efficiency  was  still 
far  below  100  per  cent.  Estimating  the  loss  of  power  by  invis- 
ible ultra-red  and  ultra-violet  radiation,  by  heat  conduction, 
heat  convection,  air  currents,  etc.,  the  efficiency  was  undoubt- 
edly below  50  per  cent.,  probably  nearer  10  per  cent.  I  believe 
the  approximate  equivalent  of  white  light  is  probably  some- 
thing more  nearly  fifty  candle-power  per  watt — that  is,  0.02 
watts  per  spherical  candle-power.  I  make  no  claim  to  this 
value,  but  it  is  merely  an  estimate  based  on  my  experience — 
it  may  be  more  or  less,  but  I  would  expect  the  equivalent  of 
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white  light  to  be  approximately  50  candle-power  per  watt,  or 
thereabouts.  For  other  colors  of  light  there  would  be  different 
values.  Probably  in  the  case  of  the  green  light,  the  candle- 
power  per  watt  would  be  much  greater,  in  red  light  or  blue 
light  much  less.     It  is  a  function  of  the  color. 
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AN  IMPERFECTION  IN  THE    USUAL    STATEMENT  OF 

THE  FUNDAMENTAL  LAW  OF  ELECTROAL\GNETIC 

INDUCTIONt 


BY  CARL  HERING 

The  fundamental  law  of  electromagnetic  induction,  which  is 
the  basis  of  all  our  present  mechanical  generators  of  electric 
currents,  is,  in  general,  stated  in  two  different  ways.  Faraday's 
statement  is  to  the  effect  that  if  a  conductor  cuts  magnetic  lines 
of  force,  an  electromotive  force  is  generated.  This  simple  state- 
ment, however,  has  been  changed  by  later  authorities,  who 
define  the  same  law  by  saying  in  effect  that  when  the  amount 
of  flux  enclosed  by  an  electric  circuit  is  changed,  an  electro- 
motive force  is  induced.  This  is  the  more  usual  form  taught 
to-day  and  recopied  in  most  text-books  in  preference  to  Fara- 
day's statement  of  it. 

Maxwell  in  his  classic  treatise,  Sec,  531,  Vol.  II,  states  the  law 
in  these  words: 

The  whole  of  these  phenomena  may  be  summed  up  in  one  law.  When 
the  number  of  lines  of  magnetic  induction  which  pass  through  the  sec- 
ondary circuit*  in  the  positive  direction   is  altered,  an  electromotive 

fThe  object  of  this  note  is  to  point  out  that  the  usual  and  well-known 
statement  of  the  fundamental  law  of  the  induction  of  currents  by  mag- 
netic flux,  is  not  correct  as  a  universal  law,  and  requires  to  be  modified; 
when,  applied  as  it  is  usually  stated,  it  sometimes  gives  entirely  erroneous 
results,  although  it  is  correct  under  the  usual  conditions.  An  essential 
qualification  has  apparently  been  overlooked.  The  proof  is  given  by  a 
simple  experiment.  The  possibility  of  linking  or  unlinking  an  uninter- 
rupted electric  circuit  with  a  magnetic  circuit,  without  producing  any 
induction,  is  shown.  It  leads  to  a  clearer  conception  of  induction  and  to 
a  new  form  of  continuous  current  generator. 

*  He  had  just  previously  shown  that  a  magnet  ^d  a  primary  circuit 
Are  here  equivalent 
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force  acts  round  the  circuit,  which  is  measured  by  the  rate  of  decrease 
of  the  magnetic  induction  through  the  circuit. 

Another  high  authority,  Professor  J.  J.  Thomson,  in  his  ex- 
cellent and  more  modem  treatise  (Elements  of  Electricity  and 
Magnetism,  Sec.  229,  p.  388)  states  the  law  in  these  words: 

Whenever  the  number  of  tubes  of  magnetic  induction  passing  through 
a  circuit  is  changing,  there  is  an  e.m.f.  acting  round  the  circuit  equal  to 
the  rate  of  diminution  in  the  number  of  tubes  of  magnetic  induction  which 
pass  through  the  circuit. 

Other  writers  merely  used  different  expressions  to  the  same 
effect.  One  well-known  form  of  expressing  this  law,  is  to  consider 
the  magnetic  circuit  and  the  electric  circuit  to  be  like  two  links 
of  a  chain:  then,  during  the  process  of  linking  them  together, 
an  electromotive  force  is  induced  in  one  direction;  when  un- 
linking them,  an  exactly  equal  electromotive  force  is  induced 
in  the  other  direction. 

The  well  known  natural  consequence  of  this  law,  when  stated 
as  it  usually  is,  is  that  the  same  flux  cannot  be  linked  and  un- 
linked repeatedly  by  the  same  closed  circuit  without  generating 
alternating  electromotive  forces,  hence  the  commutator  of  di- 
rect-current machines,  and  the  inoperativeness  of  many  suggested 
unipolar  machines.  Although  not  stated  directly  it  is  presumab- 
ly understood  that  the  electric  circuit  is  not  opened;  the  mag- 
netic circuit  unfortunately  cannot  be  opened  as  there  is  no 
good  magnetic  insulator  known. 

Innumerable  methods  have  been  suggested,  and  doubtless 
many  have  been  actually  tried, to  obviate,  overcome,  or  neutral- 
ize this  reverse  electromotive  force  so  as  to  produce  direct  cur- 
rents without  the  necessity  of  commutation,  but  they  have  all 
failed  except  the  Faraday  unipolar  dynamo,  which  has  ap- 
parently not  come  into  use  for  the  usual  voltages.  According 
to  this  law,  as  it  is  usually  stated,  the  former  have  failed 
because  of  this  reverse  electromotive  force.  It  is  now  believed 
to  be  generally  accepted  and  taught  that  this  law  is  universal, 
and  the  attempts  to  evade  it  have  lessened. 

Recent  investigations  made  by  the  writer  and  followed  by 
experimental  demonstrations,  have,  however,  shown  that  the 
usual  statement  of  this  important  law  is  imperfect,  and  that 
it  requires  to  be  modified  in  order  to  become  universal.  Prob- 
ably others  besides  the  writer  have  been  misled  by  accepting 
this  law  as  usually  stated  to  be  correct  and  universal.  It  will 
be  shown  below  that  it  is  quite  simple  to  produce  linkages  or 
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tinlinkages,  or  to  change  or  reverse  the  same  flux  enclosed  by 
the  same  continuously  closed  circuit,  without  producing  any 
electromotive  forces  whatsoever.  It  is  true  that  the  law  as 
usually  stated,  seems  to  apply  correctly  to  all  the  usual  methods 
of  producing  electromagnetic  induction  at  the  present  time; 
but  it  will  be  shown  that,  taken  Uterally  as  usually  stated,  it 
is  quite  incorrect  under  certain  other  conditions,  giving  entirely 
erroneous  results  and  must  therefore  be  modified  in  order  to 
become  universal,  or  else  be  limited  to  those  conditions  to  which 
it  does  apply,  in  which  case  it  caimot  of  course  be  called  uni- 
versal. 

It  is  not  denied  here  that  Maxwell  himself  may  have  else- 
where described  these  limiting  conditions,  or  may  have  elsewhere 
described  induction  under  those  unusual  conditions.  If  so,  his 
followers  should  have  made  similar  explanations  in  teaching 
his  version  of  the  law,  so  that  students  should  not  be  misled* 

Some  time  ago  the  writer  suggested  a  so-called  unipolar 
machine  (that  is,  one  having  unipolar  instead  of  bipolar  induc- 
tion) based  on  an  apparently  new  phenomenon,*  which  would  be 
operative  if  this  law,  as  it  is  usually  defined,  is  correct;  but  it 
was  thought  by  him  and  also  by  Dr.  E.  F.  Northrup,  that  it 
would  fail,  notwithstanding  this  law.  It  was  concluded  that 
it  was  not  the  change  of  flux  in  a  circuit,  or  the  linkages  of  the 
circuit  with  the  flux,  which  determined  the  induction,  but  that 
it  was  essential  that  the  material  itself  which  composed  the 
conductor  must  actually  cut  or  move  through  the  flux,  (or  the 
flux  move  across  it).  It  was  thought  that  Faraday's  way  of 
stating  the  law  was  nearer  correct  than  the  supposedly  improved 
and  more  general  form  of  his  successors. 

The  following  simple  experiment  was  devised  by  the  writer 
to  investigate  the  correctness  of  these  conclusions. 

A  loop  L,  Fig.  1,  was  formed  of  two  flexible  strips  whose  ends 
pressed  together  at  the  joint  J,  and  the  circuit  of  the  loop 
was  closed  through  a  galvanometer  G.  On  moving  this  loop 
over  one  leg  of  a  U-shaped  permanent  magnet  N  S  from  the 
dotted  position  to  that  shown  in  full,  an  electromotive  force 
was  induced,  as  is  well  understood.     The  magnetic  flux  has 

*  **A  Practical  Limitation  of  Resistance  Fumaccs;  the  '  Pinch  *  Phe- 
nomenon." ByCarl  Hering.  Trans.  Amer.  Electrochemical  Soc.,  Vol.  XI, 
1907,  p.  329.  Also  "  Some  Newly  Observed  Manifestations  of  Forces  in 
the  Interior  of  an  Electric  Conductor  ".  By  Edwin  P.  Northrup.  Phy- 
sical Rev.,  Vol.  XXIV,  No.  0.  June  1907,  p.  474. 
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thereby  been  linked  with  the  electric  circuit;  the  flux  enclosed 
by  the  circmt  has  been  increased  from  zero  to  the  maxinuun; 
or  to  use  Faraday's  terms,  the  lines  of  force  in  the  air  from 
one  pole  to  the  other,  have  been  cut  by  the  conductor.  So  far, 
the  law  as  it  is  stated  is  correct. 

If  this  loop  be  now  moved  as  shown  in  Fig.  2  from  the  dotted 
position  to  the  one  shown  in  full,  by  passing  the  leg  of  the 
magnet  through  the  joint  J  of  the  loop,  but  without  opening 
the  circuit,  the  flux  and  the  circuit  will  be  unlinked  again ;  that 
is,  the  flux  enclosed  by  the  circuit  will  again  be  reduced  from  a 
maximum  to  zero,  and  the  circuit  will  have  cut  the  same  lines 
of  force  in  the  opposite  direction,  as  it  is  well  known  that  all 
the  flux  of  this  magnet  passes  through  its  interior. 


According  to  the  law  of  induction  as  quoted  above  from 
Maxwell,  or  J.  J.  Thomson,  and  as  almost  universally  accepted, 
there  ought  then  to  be  an  electromotive  force  induced  which  is 
opposite  and  exactly  equal  to  that  induced  by  the  first  move- 
ment shown  in  Fig.  1,  which  will  be  seen  by  reading  the  law  as 
there  stated,  on  to  this  experiment.  The  fact  is,  however, 
quite  the  contrary;  there  is  absolutely  no  electromotive  force  in- 
duced by  this  unlinking.  Moreover,  the  same  circuit  is  then  free 
from  flux  and  can  be  linked  again  repeatedly  in  the  same  direc- 
tion with  the  same  flux  as  before;  a  rapid  repetition  of  these 
two  movements  increased  the  deflection  more  than  ten  fold. 

This  is  believed  to  be  the  first  direct  and  simple  experiment 
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which  proves  conclusively  that  it  is  possible  to  link  and  unlink  a 
flux  with  a  closed  electric  circuit  without  any  induction,  thereby 
shoeing  that  the  usual  statement  of  Maxwell's  version  of  the  law 
should  either  be  restricted  to  certain  conditions,  or  be  modified 
so  as  to  become  universal  without  the  necessity  of  more  or  less 
complicated  interpretations. 

It  is  also  believed  to  be  the  first  experiment  which  shows 
that  in  applying  Faraday's  version  of  the  law  it  is  important  to 
make  a  distinction,  heretofore  apparently  not  recognized,  be- 
tween the  conductor  itself  and  the  mere  current  path  or  circuit, 
when  induction  is  concerned. 

Through  the  kindness  of  the  Leeds  &  Northrup  Co.,  the  ex- 
periments were  made  in  their  well  equipped  laboratory  and  were 
confirmed  by  my  friend,  Dr.  Northrup  himself.  With  his  usual 
care  and  precision  he  even  amalgamated  the  contact  at  the  joint 
J  and  at  the  surface  of  the  steel  magnet  where  the  loop  passes 
over  it,  so  as  to  be  absolutely  sure  that  the  total  absence  of  a  de- 
flection was  not  due  to  a  possible  open  circuit.  The  magnet  was 
ground  down  to  a  knife  edge  on  each  siie,  forming  a  lozenge 
shaped  cross-section  at  the  place  where  the  passage  of  the  strips 
over  the  magnet  took  place. 

To  be  still  further  assured  that  there  was  no  open  circuit  during 
this  unlinking,  the  writer  modified  the  test  by  passing  a  con- 
stant current  from  a  battery,  through  the  circuit  during  both  the 
linking  in  Fig.  1  and  the  unlinking  in  Fig.  2.  The  linking  was 
then  found  to  increase  (or  diminish)  the  deflection,  but  during  the 
unlinking  the  deflection  remained  constant ;  had  the  circuit  been 
opened  during  the  unlinking,  the  deflection  would  have  indicated 
it  at  once  by  falling  as  was  shown  by  unlinking  the  loop  over 
part  of  the  magnet  which  had  been  painted.  The  galvanometer 
used  was  one  that  was  suitably  adopted  for  the  necessarily  low 
electromotive  force  and  low  resistance;  its  sensibility  was  38 
megohms,  and  its  resistance  was  140  ohms;  the  deflections  were 
therefore  very  decided  and  reliable;  the  test  was  repeated  nu- 
merous times,  thus  lea^dng  no  doubt  as  to  the  correctness  of  the 
results. 

This  experiment,  therefore,  teaches  us  that  it  is  not  the  linking 
and  unlinking  of  the  magnetic  and  the  closed  electric  circuits, 
and  it  is  not  the  changing  of  the  amount  of  flux  enclosed  in  the 
closed  circuit,  which  is  the  prime  cause  of  the  induction,  as  it 
proves  that  such  unlinking  or  changing  of  the  flux  can  take 
place  without  any  induction  whatsoever.  The  cause  of  the  in- 
duction must  therefore  reside  elsewhere. 
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It  appears  from  this  experiment  that  it  is  the  material  of  the 
conductar  of  tiie  current,  and  not  merely  the  circuit  itself,  which 
must  actually  move  across  the  flux  (or  the  flux  move  across  it)  in 
order  to  cause  induction.  In  the  experiment,  the  circuit  itself  did 
move  across  the  flux  during  the  operation  of  unlinking  because  the 
unlinking  of  the  two  circuits  was  effected  completely;  both 
circuits  having  remained  unbroken,  it  of  course  follows  that 
they  must  necessarily  have  cut  each  other.  The  only  part  of 
the  conductor  which  did  not  move  relatively  to  the  flux  during 
the  unlinking,  is  that  part  of  the  material  composing  the  magnet 
which  is  embraced  between  the  two  contacts;  the  circuit  here 
did  cut  through  the  flux,  but  the  material  of  the  moving  conduc- 
tor did  not ;  this  appears  to  be  the  only  difference,  hence  it  seems 
essential  that  this  feature  should  now  be  embodied  in  the  state- 
ment of  a  law  which  is  intended  to  be  universal. 

As  the  term  **  conductor  "  implies  the  material  thing  itself, 
when  distinguished  from  a  theoretical  line  representing  the 
closed  circuit  or  current  path,  it  might  suffice  to  emphasize  the 
condition  that  the  conductor  itself  must  cut  across  the  flux,  in 
stating  the  law  in  Faraday's  way. 

If  that  later  statement  of  the  law  which  is  in  terms  of  the  change 
of  flux  included  in  a  circuit,  is  still  to  be  used  as  a  universal  law, 
some  limiting  clause  will  now  have  to  be  added  to  cover  the  case 
shown  in  this  experiment.  A  "  change  of  flux  **  is  not  sufficiently 
definite,  the  change  must  occur  in  a  certain  way  in  order  to  be 
effective.  But  in  view  of  the  fact  that  this  experiment  seems 
to  show  that  the  real  or  prime  cause  of  the  induction  does  not  re- 
side in  the  *'  change  of  flux  "  at  all  as  is  usually  believed  it  would 
seem  to  the  writer  to  be  preferable  not  to  continue  to  define  in- 
duction in  those  terms  at  all,  but  to  use  other  terms  which  more 
clearly  embody  what  seems  to  be  the  real  prime  cause.  In 
other  words,  it  seems  to  the  writer  to  be  better  now  to  go  back 
to  Faraday's  original  definition  in  terms  of  cutting  the  magnetic 
lines  of  force,  than  to  use  the  one  of  Maxwell  which  is  in  terms 
of  the  change  of  flux. 

Maxwell  and  his  followers,  in  generalizing  this  law,  seem  to 
have  gone  too  far,  because,  as  it  is  quoted  above,  it  includes  in 
its  scope  a  case  in  which  it  gives  entirely  erroneous  results.  His 
predecessor,  Faraday,  was  nearer  correct  when  he  described  the 
induction  to  be  due  to  "cutting  the  lines  of  force."  Even  Fara- 
day's definition  as  incorrectly  interpreted  by  others  who  used 
the  word  '*  circuit  "  instead  of  *'  conductor  "  (Faraday  appar- 
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ently  did  not  do  so  himself) ,  should  now  be  modified  or  qualified 
to  the  effect  that  the  conductor  itself,  and  not  merely  the  circmt 
must  do  the  actual  cutting. 

As  to  stating  the  law  in  terms  of  the  linking  and  unlinking 
of  the  two  closed  circuits,  it  seems  difficult  to  so  qualify  it  now 
as  CO  limit  it  to  the  specific  and  probably  the  only  kind  of  linking 
and  unlinking  which  is  effective,  and  exclude  the  kinds  which 
are  ineffective.  This  is  unfortunate  as  this  idea  of  linkages 
formerly  afforded  a  very  convenient  and  useful  conception  of 
the  nature  of  induction. 

In  Faraday's  original  experiment  with  a  revolving  bar  magnet 
and  a  loop  running  from  one  pole  to  the  middle  of  the  magnet, 
this  same  phenomenon  occurs.  The  circuit  itself  cuts  the  flux 
in  the  interior  of  his  bar  magnet,  as  Faraday  himself  says;  but 
he  did  not  notice  that  the  corresponding  part  of  the  conductor 
itself,  does  not;  if  it  had,  he  would  not  have  obtained  the  results 
described.  He  thought  the  lines  of  force  remained  stationary  in 
space  while  the  magnet  revolved.  The  important  distinction 
between  the  material  of  the  conductor,  and  the  circuit  itself, 
when  induction  takes  place,  seems  therefore  to  have  been  over- 
looked by  him,  notwithstanding  that  in  stating  the  law  he  used 
the  term  conductor  and  not  circuit. 

The  writer  desires  to  repeat  that  the  usual  statements  of 
this  law  in  terms  of  the  change  of  flux  seem  to  apply  correctly 
to  all  the  ordinary  cases  occurring  in  our  present  practice,  and  that 
the  limitation  now  pointed  out  therefore  does  not  alter  in  anyway 
the  former  applications  of  that  law  to  those  cases.  But  as  those 
statements  of  the  law  are  directly  contradicted  by  the  present 
unusual  case,  the  law  as  usually  stated  is  not  universal ;  and  it  mis- 
leads as  it  did  the  author,  by  making  it  appear  that  certain  actions 
will  always  take  place,  when  as  a  fact  they  sometimes  do  not. 
These  statements  of  the  law  are  unsatisfactory  also  in  that  they 
intimate  that  the  prime  cause  of  the  induction  resides  in  the 
changing  of  the  flux  embraced  by  a  circuit,  when  it  seems  now 
as  though  it  resides  in  the  actual  passage  of  the  flux  across  the 
material  conductor  itself,  and  that  it  is  located  there  and  is  not 
a  property  of  the  circuit  as  a  whole. 

It  may  be  claimed  that  this  experiment  does  not  show  an 
**  error  "  in  the  usual  statement  of  the  law,  and  that  it  might 
equally  well  be  claimed  that  Ohm's  law  is  in  error  because  counter 
electromotive  forces,  inductances,  capacities,  skin  effects,  Hall 
efl^ects,  etc.,  in  the  circuit,  modify  the  results  obtained  by  it. 
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But  the  latter  does  not  seem  to  be  a  parallel  case;  Ohm's  law 
treats  of  the  relations  of  three  quantities,  and  if  there  are  more 
than  three,  the  excess  must  either  be  eliminated  or  expressed 
in  terms  of  one  or  more  of  the  three,  before  Ohm's  law  can  apply 
as  such,  and  it  is  then  correctly  stated.  The  law  of  induction, 
however,  as  usually  stated,  actually  gives  totally  erroneous  re- 
sults in  some  cases,  as  will  be  seen  by  reading  Maxwell's  or 
J.  J.  Thomson's  statement  of  the  law,  on  this  experiment.  This 
law  treats  of  three  things  (1)  a  circuit,  (2)  an  alteration  of  the 
magnetic  flux  enclosed  by  it,  and  (3)  an  electromotive  force 
produced  by  such  an  alteration ;  it  treats  of  nothing  else ;  and  if 
the  results  specified  by  this  law  as  usually  stated  are  not  obtained 
or  are  not  correct,  when  no  additional  quantities  are  introduced 
it  seems  to  the' writer  to  be  justifiable  to  say  that  the  statement 
of  the  law  is  faulty  and  is  actually  in  error  when  applied  to  those 
'"^^ses.  Aside  from  this,  this  law  seems  to  give  an  erroneous 
conception  of  the  real  cause  of  the  phenomenon. 

The  present  experiment  is  also  thought  to  be  of  considerable 
interest  in  connection  with  the  long  discussion  of  many  years 
duration,  as  to  which  of  the  two  so-called  theories  was  the  bet- 
ter one  to  teach  and  use,  the  one  of  Faraday  based  on  the  "cut- 
ting of  lines  of  force,"  or  the  one  of  Maxwell  based  on  the  "  change 
of  flux  enclosed  by  a  circuit."  It  seems  to  show  that  after  all, 
Faradajr's  original  statement  which  was  based  on  experiment, 
was  more  universal  than  Maxwell's,  which  latter  appears  to  have 
been  a  mathematical  generalization. 

Another  feature  of  interest  of  this  experiment  is  that  it  seems 
to  indicate  that  the  induction  is  localized,  and  takes  place  only 
in  that  part  of  the  conductor  which  passes  through  the  flux,  and 
not   in    any   other.* 

There  seems  to  be  no  reason  why  the  present  experiment 
should  not  give  the  same  results  if  a  piece  of  copper  were  intro- 
duced in  or  ^around  that  part  of  the  magnet  over  which  the  loop 
slides ;  and  that  this  piece  of  copper  might  be  insulated  from  the 
magnet,  in  which  case  the  loop  may  have  more  than  one  turn, 
if  there  are  a  corresponding  number  of  insulated  copper  pieces. 
This  was  not  tried. 

Fig.  3  was  suggested  by  Dr.  Northrup  to  show  how  the  experi- 
ment might  be  repeated  without  involving  any  iron  or  steel  in  the 
phenomenon.     Two  solenoids  are  used  instead  of  the  permanent 

♦The  so-called  "Dead  Wire  on  Gramme  Armatures.'*  By  CarJ 
Heriflg*    The  Biectrici^o  ^94  Blwtncsil  Enj^oeer.    May,  1887,  p.  171^ 
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magnet,  and  one  of  them  is  surrounded  by  a  copper  ring  C  over 
which  the  joint  of  the  loop  passes. 

A  contiguous  current  generator  without  a  commutator  may 
be  constructed  in  accordance  with  the  results  taught  us  by  this 
experiment.  Fig.  4  shows  diagrammatically  a  simple  way  in 
which  this  might  be  done  for  demonstration  purposes,  although 
not  for  a  commercial  machine.  The  diagram  explains  itself; 
a  ntimber  of  magnets  are  placed  symmetrically  around  a  center 
and  a  single  circuit  of  as  many  loops  as  desired  may  be  made 
to  cut  all  of  the  fields  in  such  a  way  as  shown,  that  the  electro- 
motive forces  induced  in  the  several  loops  are  added  in  series. 
Doubtless  the  machine  would  operate  as  a  motor  also.  Unfort- 
unately, however,  such  a  machine  seems  to   have   the   same 


limitations  as  the  usual  unipolar  ones,  in  that  two  sliding  con- 
tacts moving  at  high  speed,  are  required  for  each  element  of 
the  circuit  which  passes  through  the  flux. 

In  accordance  with  general  laws,  the  converse  of  the  phenom- 
enon shown  by  this  experiment  should  also  be  true,  namely, 
that  when  applied  to  motors  it  is  the  material  of  the  conductor 
itself,  and  not  merely  the  current  or  the  circuit,  which  is  caused 
to  move  through  the  magnetic  field ;  in  other  words  the  electro- 
magnetic forces  act  on  the  conductor  and  not  on  the  circuit  or 
on  the  current. 

In  this  form  it  has  long  been  known.  For  instance  in  a  Fara- 
day disc  unipolar  machine  when  used  as  a  motor,  it  is  not  the 
circuit  nor  the  current  which  is  rotated  through  the  disc,  but  it 


Digitized  by  VjOOQIC 


1350  HERING:  ELECTROMAGNETIC  INDUCTION       July  2 

is  the  disc  itself,  on  which  the  forces  act.  In  other  words,  it  is 
not  necessary  to  make  the  disc  of  separate  radial  wires  insulated 
from  each  other,  in  order  to  confine  the  currents  to  radial  paths. 
On  the  other  hand,  however,  there  is  the  Hall  effect  in  which  it 
is  the  circuit,  that  is,  the  path  of  the  current,  which  is  deflected 
in  a  large  conductor,  when  the  conductor  is  not  permitted  to 
move. 

The  phenomenon  illustrated  by  the  present  experiment  may 
perhaps  explain  the  reasons  for  the  well  known  action  of  a  mag- 
net in  "blowing  out**  an  arc.  The  magnet  appears  to  exert  its 
forces  on  the  material  forming  the  conductor,  namely  on  the 
ionized  conducting  gases  which  carry  the  current,  and  not  on  the 
current  itself;  the  cun*ent  follows  the  moving  conductor,  instead 
of  the  conduccor  following  the  moving  current  path. 

The  present  experiment  naturally  gives  rise  again  to  the  in- 
teresting question  of  what  forces  exist,  if  any,  which  oppose  the 
change  of  the  path  or  circuit  of  a  current  which  is  flo^^ing  through 
a  large  moving  conductor.  If  for  instance,  a  current  is  passed 
from  one  side  of  a  rapidly  running  river  to  the  other  through 
the  water,  is  the  path  different  from  what  it  would  be  if  the  water 
were  at  rest?  A  study  of  this  question  may  not  lead  to  any 
practical  results,  but  it  may  nevertheless  be  of  interest  and  per- 
haps be  instructive  in  aiding  us  to  obtain  a  better  conception 
of  the  true  nature  of  conduction. 

I  desire  to  repeat  here  that  the  error  pointed  out  by  this  note 
does  not  affect  the  applications  of  this  law  to  the  usual  electro- 
magnetic machiner)'^  and  apparatus  of  the  present,  and  is  there- 
fore of  no  importance  in  that  sense;  the  importance  of  it  lies 
in  showing  that  the  law  as  usually  stated,  and  when  applied  di- 
rectly as  stated,  gives  entirely  incorrect  results  under  certain 
conditions  differing  from  the  general  ones;  also  that  it  misleads; 
and  that  it  is  not  universal;  to  become  universal  it  should  be 
modified  instead  of  having  to  resort  to  what  is  little  short  of  math- 
ematical juggling  to  make  it  fit  this  case.  The  importance  of 
this  experiment  is  perhaps,  that  it  seems  to  give  us  a  clearer 
conception  of  the  real  phenomenon  of  electromagnetic  induction, 
its  probable  cause  and  its  location;  it  shows  conclusively  that 
the  change  of  flux  enclosed  in  a  circuit  cannot  by  itself  be  the 
prime  cause  of  induction;  unless  a  fu'-ther  essential  condition 
be  fulfilled,  such  a  change  of  flux  fails  to  induce  an  electromotive 
force. 

Attention  might  here  be  called  to  a  very  early  experiment  of 
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Faraday  published  in  1831 ,  which  has  apparently  been  overlooked 
by  the  followers  of  Maxwell;  it  is  described  in  his  Researches, 
Paragraph  101.  Maxwell's  statement  of  the  law  also  fails  to 
apply  to  this,  unless  modified,  as  the  flux  included  in  the  circuit 
always  remains  the  same  even  though  there  is  an  electromotive 
force  induced  in  that  circuit.  It  also  requires  some  interpreting 
of  the  law  to  make  it  apply  to  the  case  of  the  Faraday  unipolar 
machine,  a  fact  which  many  students  and  their  teachers  have  ex- 
perienced. 

The  writer  desires  it  to  be  clearly  understood  that  he  does  not 
deny  that  the  usual  statement  of  the  law  involving  the  change 
of  flux  idea,  might  be  made  to  cover  this  experiment  by  adding 
various  conditions  or  restrictions,  or  by  various  more  or  less 
complicated  interpretations  now  suggested  by  the  results  of  the 
experiment  itself,  and 'it  might  be  claimed  that  there  is  then 
no  error  in  it  as  a  universal  law.  The  writer's  comments  were 
intended  to  apply  not  to  such  modifications  or  interpretations 
of  that  law,  but  to  the  law  as  it  was  pubUshed  and  republished, 
and  as  it  is  and  has  been  taught  to  students.  In  that  form  a 
student  would  certainly  not  have  predicted  the  results  of 
this  experiment  correctly  by  it,  for  in  that  form  it  directly  con- 
tradicts the  results.  Faraday's  statement  of  the  law,  on  the 
other  hand,  when  stress  is  laid  on  the  distinction  between  the 
conductor  and  the  mere  circuit,  predicts  the  correct  result  di- 
rectly and  without  interpretations  or  other  conditions.  But 
aside  from  the  question  of  whether  or  not  it  can  be  called  an 
actual  error,  the  more  important  question  is  now,  whether 
Faraday's  version  fs  not  simpler,  more  universal,  safer,  more 
direct,  and  much  easier  for  students  to  iearn  and  comprehend 
than  Maxwell's. 
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Discussion  on  "  An  Imperfection  in  the  Usual  Statements 
OF  THE  Fundamental  Law  of  Electromagnetic  In- 
duction."   Atlantic  City,  N.  J.,  July  2,  1908 

Chas.  P.  Steinmetz  (by  letter) :  Mr.  Hering's  paper  is  inter- 
esting in  that  it  draws  attention  to  a  looseness  in  the  form  of 
expressing  this  law,  which  is  frequently  the  cause  of  serious 
misunderstanding,  and  the  waste  of  much  energy  and  time. 
For  instance,  in  the  attempts  to  invent  a  coil-wound  imipolar 
machine  much  useless  effort  could  have  been  avoided  by  a 
clearer  distinction  between  the  general  law  and  the  special 
case  of  its  application  to  a  continuous  closed  conductor.  While 
Mr.  Hering's  experiment  is  interesting  in  showing  an  instance 
of  a  closed  electric  circuit  in  which  the  number  of  interlinkages 
with  the  lines  of  force  changes  without  inducing  an  electro- 
motive force,  it  is  not  startling  to  me,  as  the  reverse  case,  the 
electromagnetic  induction  of  an  electromotive  force,  in  a  closed 
circuit,  without  any  change  of  the  number  of  interlinkages  of 
the  circuit  with  the  magnetic  flux,  is  illustrated  by  practically 
every  unipolar  machine.  There  are  thousands  of  kilowatts 
of  such  machines  now  in  commercial  operation. 

The  general  law  of  electromagnetic  induction  is: 

In  a  conductor  moving  relatively  to  a  magnetic  field,  an  electromotive 
force  is  induced  which  is  proportional — and  in  absolute  units  equal — 
to  the  product  of  the  intensity  of  the  magnetic  field,  and  the  components 
of  the  length,  and  of  the  velocity  of  the  conductor  at  right  angles  to  the 
magnetic  field  and  to  each  other. 

If  an  electric  conductor  moves  relatively  to  a  magnetic  field,  an  slectro- 
motive  force  is  induced  in  the  conductor,  which  is  proportional  to  the  in- 
tensity of  the  magnetic  field,  to  the  length  of  the  conductor,  and  to  the 
speed  of  its  motion  perpendicular  to  the  magnetic  field  and  the  direction 
of  the  conductor. 

Using  the  pictorial  representation  of  the  magnetic  field  by 
the  lines  of  magnetic  force,  as  given  by  Faraday,  this  means, 
that  the  electromotive  force  induced  in  the  conductor  equals 
the  rate  of  cutting  of  the  conductor  through  the  lines  of  mag- 
netic force,  that  is,  gives:  ^=  j-y  10"*  volts,  where  d^  are  the 

lines  of  force  cut  by  the  conductor  during  the  time  d  t. 

Applying  this  general  induction  law  to  the  special  case — 
which  is  the  most  important,  but  not  the  only  case  met  in 
electrical  engineering — of  a  continuous  conductor  closed  upon 
itself,  or  a  turn,  it  follows,  as  conclusion,  that  the  total  electro- 
motive force  or  resultant  electromotive  force  induced  in  the 
turn  equals  the  rate  of  change  of  the  total  number  of  magnetic 
interlinkages  of  lines  of  magnetic  force  enclosed  by  the  turn, 

hence  is:  e  =  ;7-7-10-*,    where   <f>   is    the   number  of   lines  of 

magnetic  force  enclosed  by  the  turn  or,  leaving  Faraday's  pic- 
k>rial  representation,  <f>  is  the  magnetic  flux  enclosed  by  the  turn. 
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Maxwell  and  J.  J.  Thomson's  statement,  as  quoted  by  Mr. 
Hering,  are  not  the  most  general  expressions  of  the  law  of  in- 
duction, but  its  formulation  for  the  special  case  discussed  by  these 
scientists,  of  a  turn  moving  with  regard  to  the  magnetic  field. 

Mathematically  speaking,  we  may  see  that  Maxwell's  law  is 
the  integral  expression  derived  from  the  general  or  differential 
law  by  integration  over  the  whole  circuit,  imder  the  **  terminal  " 
or  '*  limit  "  conditions  of  continuity  of  conductor  and  continuity 
of  motion,  and  does  not  apply  to  Mr.  Hering's  experiment,  or 
to  the  general  design  of  unipolar  machines,  which  do  not  fulfil 
the  conditions  of  continuity  of  motion,  but  have  parts  of  the 
conductor  sliding  over  other  parts. 

Faraday's  expression,  of  cutting  of  lines  of  magnetic  force 
by  the  conductor,  is  the  general  law;  but  in  its  application  to 
imusual  cases  it  must  be  kept  in  mind  that  the  **  line  of  mag- 
netic force  "  is  merely  a  pictorial  representation  of  the  mag- 
netic field  in  space,  as  characterized  by  the  two  constants, 
intensity,  and  direction.  This  pictorial  representation,  when 
carried  so  far  as  to  apply  to  its  physical  existence,  may  lead  to 
wrong  conclusions;  for  instance,  when  discussing  whether  the 
lines  of  magnetic  force  of  a  revolving  magnet  move  with  the 
magnet  or  stand  still.  Assuming,  for  instance,  a  bar  magnet 
of  circular  section  ^-fy  =  r*,  revolving  aroimd  its  axis  z.  Then 
in  any  point  in  space,  outside  of  the  magnet  as  well  as  inside, 
the  intensity  as  well  as  the  direction  of  the  magnetic  field  is 
constant;  that  is,  the  magnetic  field  is  constant,  or  stationary 
in  space,  regardless  of  whether  the  magnet  stands  still  or  re- 
volves. Assuming  a  second  system  of  coordinates  with  the 
same  axis,  z,  as  the  magnet,  and  with  the  other  two  axes,  ^„ 
and  j/j,  stationary  with  regard  to  the  magnet,  and  revolving  in 
space  with  the  revolutions  of  the  magnet,  then  wifh  this  co- 
ordinate system,  %,,  y,,  2,  the  magnetic  field  at  any  point, 
inside  of  the  magnet  as  well  as  outside,  is  also  constant  in  in- 
tensity and  in  direction;  that  is,  is  stationary.  Or  in  other 
words,  while  the  two  coordinate  systems  x,  y,  z,  and  x,,  y  ,  0,, 
revolve  with  regard  to  each  other,  the  magnetic  field  of  the 
magnet  is  constant  in  intensity  and  in  direction,  that  is,  it  is 
stationary,  with  regard  to  either.  Physically,  this  is  nothing 
exceptional ;  it  merely  means  that  the  condition  of  stress,  which 
we  call  magnetic  field,  is  unvarying  in  its  distribution  in  space 
as  well  as  with  regard  to  the  revolving  magnet.  Picturing  to 
ourselves  the  magnetic  field  as  lines  of  magnetic  force,  it  would 
mean  that  the  lines  of  force  are  at  the  same  time  stationary 
in  space  and  also  revolving  with  the  magnet.  This  suggests 
that  all  pictorial  representations,  no  matter  how  useful,  may 
occasionally  become  ambiguous.  In  such  cases  the  only  safe 
way  is  to  go  back  to  the  entities  proper,  in  the  present  case,  the 
magnetic  field  as  a  quantity  characterized  by  intensity  and 
d  rection. 

Unfortunately,  in  teaching,  instead  of  the  general  law  of 
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induction,  there  is  frequently  given  to  the  student,  its  specific 
application  to  the  turn  or  closed  continuous  conductor  as  more 
convenient  to  illustrate  and  to  understand.  While  in  the 
introduction  to  the  elements  to  electrical  engineering  this  is 
permissible,  to  get  a  complete  imderstanding  of  the  phenomena 
of  induction,  it  must  be  supplemented  by  an  exact  discussion 
of  the  general  induction  law,  that  is,  the  mathematical  formu- 
lation of  Faraday's  pictorial  representation. 

A.  E.  Kennelly  (by  letter):  The  experiment  described  in  the 
paper  is  both  interesting  and  instructive.  Although  the  experi- 
ment illustrates  the  proper  application  of  the  law  of  induction 
when  applied  to  electric  circuits,  it  does  not  in  my  opinion  contro- 
vert the  existing  law  when  properly  interpreted;  that  is,  when 
interpreted  as  intended  to  be  expressed  by  its  foimders,  Faraday, 
Maxwell,  and  others. 

When  it  is  stated  that  the  electromotive  force  rotmd  a  circuit 
is  equal  to  the  time-rate  of  change  of  the  flux  linked  with  that 
circuit,  it  is  inherently  assumed  that  the  circuit  is  not  inter- 
rupted and  then  established  around  a  new  boimdary.  It 
means,  as  I  understand  it,  that  the  circuit  contains  a  simply 
connected  region  of  magnetic  flux,  through  which  the  botmdaries 
may  be  flexibly  caused  to  wander  at  will.  Maxwell  specifically 
rules  out  the  case  of  multiple-connected  regions,  by  a  special 
proposition  to  that  effect.  In  Mr.  Hering's  experiment,  the 
boundary  of  the  circuit  is  cut  at  one  point,  and  simultaneously 
a  second  circuit  embracing  flux  is  introduced  at  the  gap,  in  such 
a  manner  that  by  sliding  along  the  botmdaries  of  the  second 
circuit,  the  magnetic  flux  may  be  caused  to  disappear  from 
the  embrace  of  the  first  circuit  without  any  intersection  of 
flux  by  the  edge  of  that  circuit.  This,  to  my  mind,  is  juggling 
with  terms,  just  as  though  the  circuit  were  cut  and  then  re- 
closed  through  a  quiescent  loop  linked  with  a  magnet.  Mani- 
festly, no  current  would  be  induced  through  the  galvanometer 
by  reason  of  that  change,  although  in  one  sense  of  the  word 
**  circuit  ",  all  of  the  flux  in  the  loop  has  suddenly  been  intro- 
duced into  the  circuit. 

The  instructive  value  of  the  experiment  described  in  the 
paper  lies,  to  my  mind,  in  clearing  up  the  question  as  to  which 
is  the  primordial  proposition;  that  electromotive  force  is  in- 
duced (1)  by  the  movement  of  magnetic  flux  across  the  boim- 
dary, or  (2)  by  the  introduction  of  flux  into  a  loop  or  circuit. 
As  ordinarily  stated,  the  two  propositions  are  as  closely  con- 
nected as  the  propositions  concerning  the  priority  of  the  chicken 
and  the  egg,  because  flux  cannot  cut  the  boimdary  of  a  loop 
at  any  point  without  altering  the  flux  contents  of  the  loop,  nor 
can  the  flux  in  a  loop  alter  without  cutting  the  boundary  some- 
where. The  experiment  shows,  however,  that  where  flux  comes 
into  a  field  from  a  balloon,  as  distinct  from  walking  over  a  fence, 
no  electromotive  force  is  induced,  and  this  indicates  hat  the 
cutting  is  the  primordial  conception,  to  which  enclosing  is  sec- 
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ondary.  Of  course  this  cutting  electromotive  force  occurs  as 
much  in  insulators  as  conductors,  but  can  ordinarily  be  re- 
vealed only  through  the  use  of  conductors.  When,  therefore, 
a  closed  circular  solenoid,  or  anchor-ring,  is  woimd  with  a  pri- 
mary and  with  a  secondary  coil,  we  know  that  in  the  steady 
state,  if  the  solenoid  is  properly  woimd,  there  will  be  no  ex- 
ternal magnetic  flux  due  to  current  in  either  winding;  but  the 
change  of  internal  flux  due  to  change  of  current  in  one  winding 
induces  electromotive  force  in  the  other,  as  in  the  ordinary 
transformer.  At  first  sight,  this  would  look  as  though  there 
were  change  of  enclosing  flux  without  any  cutting,  but  in  the 
light  of  this  experiment  it  seems  clear  that  this  is  not  the  case. 
There  must  be  cuttimg  of  flux  passing  from  outside  to  inside  of 
the  secondary  coil,  but,  incidentally,  all  the  external  flux  can- 
cels off,  or  becomes  zero  in  the  final  steady  state. 

Summing  up,  then,  I  should  think  that  this  experiment 
shows  that  when  the  ordinary  proposition  is  enunciated  con- 
cerning induction  of  electromotive  force  with  change  of  flux 
enclosed  in  a  circuit,  it  should  be  borne  in  mind  that  the  circttit 
is  not  to  be  juggled  with  by  interrupting  it  and  changing  it 
from  a  simply-connected  to  a  multiple-connected  space.  It 
must  consist  of  a  single,  continuous  boimdary  which,  if  it  moves, 
moves  continuously  through  simply  connected  space.  In  this 
understanding,  I  think  we  shall  all  agree. 

Elihu  Thomson  (by  letter) :  I  agree  with  Dr.  Kennelly  in 
his  view  of  the  state  of  the  case.  By  passing  the  spring 
clip  over  the  magnet  leg  the  circuit  is  virtually  opened  so  far 
as  magnetic  induction  is  concerned,  and  an  immovable  section 
of  conductor  is  substituted  in  the  gap  where  all  the  flux  to  be 
cut  then  exists.  The  conclusion  that  the  real  physical  sub- 
stance of  the  circuit  (the  matter  of  the  circuit)  must  cut  or  be 
cut  by  the  lines  is  in  accordance  with  my  view  of  the  subject. 
There  are  innumerable  phenomena  which  have  confirmed  that 
idea  of  what  is  really  the  circuit  to  be  considered.  Otherwise 
in  fact,  the  circuit  is  more  metaphysical  than  physical,  a  sort 
of  mental  image  only.  I  am  glad  Mr.  Hering  has  tried  the 
experiment,  as  it  will  tend  to  clear  up  matters  which  have  trou- 
bled students  in  imipolar  induction.  I  have  long  regarded 
Faraday's  view  of  line  cutting  as  much  preferable  and  more 
universal  than  the  theory  of  linkages  simply. 

The  imipolar  dynamo  is  qaite  practicable  for  large  units  of 
220  to  550  volts  or  more,  imderstanding  that  greater  collector 
losses  offset  the  commutation  difficulties  with  ordinary  types 
and  that  magnetic  losses  will  probably  exceed  the  calculated 
losses  considerably. 

There  seems  to  be  one  universal  law  which  might  be  ex- 
pressed as  follows:  "It  is  not  possible  without  chemical  or 
thermoelectric  action  to  generate  a  continuous  current  in  a 
closed  circuit  without  sliding  contacts,"  or  **  A  magnetic  in- 
duction machine  for  direct  currents  must  have  a  commutator 
or  sliding  contacts  of  some  sort." 
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The  experiment  might  be  modified  by  boring  holes  through 
the  magnet  and  inserting  copper  pins,  the  ends  of  which  would 
be  traversed  by  the  endb  of  the  spring  clip.  Manifestly  since 
there  would  be  no  movement  of  these  pins,  there  could  be  no 
electromotive  force  generated  when  they  were  traversed. 

In  a  magnetic  blowout  arrester  the  static  stress  is  exerted 
at  full  intensity  across  the  narrower  part  of  the  gap  in  spite 
of  the  powerful  field  surroimding  it.  As  soon,  however,  as  the 
first  slight  spark  jumps  the  gap  (at  the  narrower  part  of  course) 
the  gases  traversed  by  the  current  are  deflected.  Not,  how- 
ever, imtil  the  matter  carrying  the  current  has  actually  bridged 
the  gap  does  the  deflecting  action  of  the  field  begin. 

If  the  current  be  assumed  to  be  a  flow  of  electrons  (negative) 
from  one  molecule  to  the  next  contiguous  and  so  on,  it  is  easy 
to  understand  why  the  matter  of  the  circuit  is  the  thing  concerned 
and  not  merely  an  assumed  line  or  direction. 

It  may  be  proper  to  regard  the  experiment  as  involving  a 
form  of  imipolar  induction,  inasmuch  as  it  is  not  possible  to 
use  a  coil  of  numerous  turns  but  one  of  a  single  turn.  If  the 
coil  were  to  be  used,  it  would  have  to  be  made  up  of  loops 
which  could  open  and  pass  over  the  magnet  by  riding  upon  a 
series  of  pins,  insulated  from  each  other,  projecting  through  the 
magnet  section,  as  suggested  by  me  in  a  modification.  Some 
twenty-five  or  thirty  years  ago  I  leaned  to  the  more  generalized 
view  of  Maxwell's  law  referred  to  in  the  paper,  but  gradually 
grew  out  of  it  and  adopted  Faraday's  view  of  line  cutting  as 
the  essential  thing.  The  lines  must  be  cut  by  the  moving  con- 
ductor, or  the  lines  must  move  and  cut  the  conductor  in  order 
to  generate  an  electromotive  force,  and  the  potential  difference 
arises  in  only  that  section  of  the  conductor  which  cuts  or  is 
cut  by  the  lines. 

I  think  I  should  have  to  modify  the  universal  law,  which  I 
proposed  above,  a  little  in  view  of  Dr.  Bruger's  direct-current 
machine.  Inasmuch  as  the  resistance  of  a  coil  of  bismuth  wire 
may  be  changed  by  a  magnetic  field,  it  is  evident  that  if  the 
magnetism  is  so  used  as  to  increase  the  resistance  of  the  bis- 
muth when  a  current  in  one  direction  would  be  induced  in  it 
or  a  part  of  the  circuit  in  series  with  it,  and  if,  when  the  opposite 
pulse  was  induced,  the  resistance  of  the  bismuth  were  lower, 
this  would  amoimt  to  a  partial  commutation  but  would  be 
accomplished  without  slipping  contacts  or  any  ordinary  form  of 
commutator.  The  result,  however,  would  seem  to  be  more  of 
a  pulsating  current  or  a  current  in  which  the  values  of  the 
half  waves  were  unequal,  or  the  wave  unsymmetrical  with  re- 
spect to  the  zero  line;  a  partially  rectified  current,  so  to  speak. 
The  mercury  arc  rectifier  accompUshes  the  production  of  an 
alternating  current  from  a  direct  current,  and  other  instances 
exist,  as  is  well  known,  of  partial  rectification  by  electrolytic 
cells,  vacuum  tubes,  and  the  like.  It  is  conceivable  that  it 
might  be  possible  to  use  even  a  selenium  cell  in  place  of  the 
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bismuth  of  Dr.  Bruger,  putting  the  selenium  in  the  light  at  one 
time  and  in  the  dark  at  another,  to  affect  synchronous  alter- 
nating pulses  differently  and  give  a  balance  of  direct  current. 
A  partially  rectified  current  can  be  sifted  so  that  the  direct- 
current  component  goes  one  way,  and  the  alternating-current 
component  another  way,  as  by  connecting  the  terminals  by  a 
non-inductive  resistance  and  connecting  the  direct-current 
receiving  apparatus  from  the  same  terminals  through  a  high 
inductance. 

In  my  paper  many  years  ago,  on  "  Magnetism  in  its  Relation 
to  Induced  Electromotive  Force  and  Current "  read  before 
the  American  Institute  of  Electrical  Engineers,  I  rather  em- 
phasized the  view  that  a  line  of  force  can  only  finish  by  col- 
lapsing to  a  point  or  infinitesimal  closed  chain,  and  can  never 
be  broken  or  opened.  By  this  view,  to  my  mind,  we  have 
the  only  possible  explanation  for  the  varied  phenomena  of  in- 
duction ;  that  is,  we  have  the  only  possibility  of  getting  any  good 
physical  conception  of  what  takes  place. 

W.  S.  Franldin  (by  letter) :  What  is  said  in  this  paper  con- 
cerning the  law  of  induced  electromotive  force  is,  I  think,  en- 
tirely correct.  I  must  say,  however,  that  I  have  never  looked 
upon  Maxwell's  statement  of  this  law  in  a  way  which  would 
lead  me  to  think  of  it  as  not  strictly  correct.  It  has  always 
seemed  to  me  that  the  differential  equations  of  the  electromag- 
netic field  in  stationary  and  in  moving  media  cover  the  ground 
completely  without  any  possibility  of  a  misunderstanding. 

The  point  of  view  of  looking  upon  the  circuit  as  abstracted 
from  definite  identifiable  material  may  be  illustrated  in  its 
extreme  form  as  follows:  imagine  a  sheet  of  copper  placed  at 
right  angles  to  a  steady  magnetic  field;  imagine  an  electric 
circuit  in  the  form  of  a  circle  which  starts  at  a  point  on  the 
copper  sheet  and  spreads-  outward  like  a  circular  ripple  on  the 
surtace  of  a  pond.  This  moving  circuit,  according  to  Mr. 
Hering's  interpretation  of  Maxwell's  generalization  of  Faraday's 
law,  should  have  electromotive  force  induced  in  it,  and  there- 
fore the  stationary  sheet  of  copper  in  a  steady  magnetic  field 
should  have  eddy  currents  circulating  in  it.  Of  course  I  under- 
stand it  is  precisely  this  absurd  conclusion  that  is  being 
objected  to.  My  point  is  this :  I  do  not  believe  that  those  who 
accept  Maxwell's  generalization  have  forgotten  the  idea  of 
cu:tual  cutting  of  lines  of  force  by  the  material  of  the  electric 
circuit;  but  it  may  be  said  they  are  likely  to  be  led  to  forget 
it  because  of  the  form  of  Maxwell's  statement  of  the  generalized 
Faraday  law.  Perhaps  that  is  true,  and  yet  the  difficulty 
reduced  to  its  simplest  terms  is  the  difficulty  of  partial  differ- 
entiation; a  physical  condition  is  a  function  of  several  inde- 
pendent variables,  such,  for  example,  as  space  and  time.  One 
is  obliged  to  think  of  one  variable  only  changing  at  a  time,  but 
one  should  never  for  this  reason  surrender  the  knowledge  that 
all  things  change  together. 
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Percy  H.  Thomas  (by  letter) :  If  I  understand  this  paper  cor- 
rectly, the  experiment  is  not  conclusive,  and  for  the  following 
reasons:  in  drawing  ofl  the  loop,  as  long  as  the  ends  are  rubbing 
on  the  sides  of  the  magnet,  the  lines  of  force  may  be  said  to  be 
still  within  the  loop.  When  next  those  ends  come  in  contact,  pre- 
liminary to  their  separation  from  the  magnet,  the  galvanometer 
becomes  short-circuited  and  protected  from  any  influence  of  a 
later  change  of  lines  in  the  loop.  In  other  words,  the  original 
loop  becomes  two  loops  by  being  connected  across  the  middle. 
None  of  the  lines  of  force  is  evidently  in  the  lower  loop;  all  are 
in  the  upper  loop.  The  upper  loop  is  then  broken  by  withdrawing 
the  wires  entirely  from  the  magnet,  which  of  course  will  give 
no  deflection.  What  has  really  been  done,  if  I  understand  the 
experiment,  is  that  a  portion  of  the  original  loop  containing  the 
galvanometer  (but  none  of  the  lines)  has  been  cut  off  by  short- 
circuiting,  from  the  whole  loop  while  it  still  contains  the  lines, 
and  then  the  main  loop  has  been  opened. 

W.  P.  Graham  (by  letter) :  It  is  perhaps  open  to  question 
whether  the  statements  of  the  law  of  electromagnetic  induction 
by  Maxwell  and  by  J.  J.  Thomson,  as  quoted  by  Mr.  Hering, 
are  sufficiently  precise.  Their  lack  of  precision  may  be  simply 
illustrated  as  follows:  let  a  wire  be  bent  round  the  pole  of  a 
magnet  so  as  to  form  a  closed  circuit  linking  the  magnetic  flux. 
Now  let  the  ends  of  the  wire  be  separated  and  the  magnet 
slipped  out  between  the  ends  so  that  the  flux  ceases  to  link 
with  the  wire.  Finally,  let  the  wire  be  again  formed  into  a 
closed  circuit  with  which  the  flux  does  not  link.  If  this  re- 
estabUshed  circuit  be  regarded  as. the  original  circuit,  the  flux 
through  the  circuit  has  certainly  changed  without  inducing 
any  electromotive  force  in  the  wire. 

I  think  most  of  us  would  regard  such  an  interpretation  of 
Maxwell  or  Thomson  as  a  quibble.  But  essentially  the  same 
interpretation  is  made  by  Mr.  Hering  in  discussing  the  experi- 
ment with  the  galvanometer  and  copper  strips.  As  soon  as  the 
copper  strips  strike  the  iron,  the  original  circuit,  made  up  of 
copper  strips  and  galvanometer  is  opened,  but  a  new  circuit 
including  copper  strips,  magnet  iron  and  galvanometer  is  es- 
tablished. And  as  long  as  the  copper  strips  make  contact  with 
the  magnet,  there  is  no  change  of  flux  through  this  new  circuit. 
When  the  strips  leave  the  magnet,  this  new  circuit  is  broken, 
and  the  old  circuit  from  which  the  flux  has  been  removed  after 
opening  it,  is  re-established.  A  more  accurate  statement 
would  perhaps  be  that  as  soon  as  the  strips  strike  the  iron,  the 
old  circuit  is  opened  and  a  new  circuit  established,  to  be  fol- 
lowed by  an  infinite  succession  of  other  new  circuits  as  the 
strips  slip  over  the  iron,  and  that  the  flux  is  removed  from  each 
one  of  this  succession  of  circuits,  by  opening  each  in  turn,  and 
establishing  its  successors;  but  that  there  is  no  change  of  flux 
through  any  individual  circuit  of  the  series  so  long  as  that 
circuit  is  closed. 
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I  agree  entirely  with  Mr.  Hering  that  in  presenting  the  law 
of  induction  to  a  class  of  students,  the  cutting  of  the  flux  by 
the  conductor  is  the  point  to  be  emphasized  and  that  Faraday's 
statement  of  the  law  is  to  be  preferred. 

George  T.  Hanchett  (by  letter) :  It  would  appear  from  this 
that  some  modification  of  Maxwell's  version  of  the  laws  of  in- 
duction should  be  made.  Let  us  consider  two  other  methods 
of  trying  this  experiment.  The  first  of, these  is  illustrated  in 
Fig.  1.  The  test  circuit  is  slipped  over  the  magnet  in  the 
usual  manner  and  the  initial  deflection  is  observed.  It  is  then 
unlinked  (?)  with  the  magnetic  circuit  by  the  following  device: 
The  wires  are  short-circuited  at  A  and  the  clips  at  B  drawn  over 
the  magnet  limb  and  removed.  There  will  be  absolutely  no 
deflection  at  the  galvanometer  as  a  result  of  this  action,  pro- 
vided, of  course,  that  the  short-circuiting  is  perfect. 


Fio.  1 

The  second  experiment,  illustrated  in  Fig.  2,  provides  two 
clips  similar  to  those  mentioned  by  Mr.  Hering,  but  instead  of 
drawing  them  over  the  body  of  the  magnet,  they  are  drawn 
over  a  tube  or  annulus  surrounding  the  limb  of  the  magnet  and 
insulated  therefrom.  It  is  observ^ed  that  the  detector  circuit 
is  first  short-circuited  outside  the  flux  field  before  any  attempt 
is  made  to  imlink  it,  and  by  this  means  the  circuit  is  divided 
into  two  portions,  one  containing  the  galvanometer  or  detector, 
which  is  short-circuited  and  removed,  and  the  other  containing 
the  flux,  which  is  short-circuited  and  not  removed  from  the 
magnetic  circuit  at  all.  No  lines  of  force  are  cut  by  or  varied 
in  number  within  a  circuit,  and  in  strict  accordance  with  Max- 
well and  Faraday  no  deflection  results.  In  Fig.  2  I  have  left 
the  loop  or  ring  surroimding  the  magnet  limb  in  order  to  point 
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out  clearly  what  Mr.  Hering  has  evidently  failed  to  see — that 
in  performing  his  experiment  he  has  left  an  exactly  similar  flux 
containing  a  portion  of  the  circuit  behind  him  in  the  fonn  of  a 
loop  of  steel  which  is  a  part  of  the  magnet  limb  itself. 

There  is  no  unlinking  of  the  magnetic  and  electric  circuits, 
but  instead  a  mechanical  imlinking  which  deceives  the  eye. 


Fig.  2 

Electrically,  the  circuit  is  linked  with  the  magnet,  then  a  new 
portion  of  circuit  is  added  in  the  form  of  the  magnet  limb 
itself  which  is  ingeniously  caused  to  do  all  the  linking.  Next  the 
original  circuit  now  free  from  flux  is  removed.  This  is  the 
exact  smalogue  of  the  experiment  which  is  the  subject  of  this 
discussion. 

George  A.  Campbell  (by  letter) :  The  very  simplicity  of  the 
facts  and  principles  which  Maxwell  stated  is,  apparently, 
the  reason  for  their  being  overlooked  in  the  present  discussion. 
The  points  requiring  restatement  seem  to  be  the  following: 

1.  Electric  currents  and  magnetic  lines  of  force  are  both 
closed.  This  statement  is  true  irrespective  of  whether  the  elec- 
tric conductors  and  magnetic  cores  are  open  or  closed.  The 
current  is  determined  by  the  integral  electromotive  force  around 
the  circuit,  and  thus  any  experimental  measurement  of  the 
current  gives  us  the  total,  and  not  the  localized  electromotive 
force.  An  exact  statement  of  fact  must  then  relate  only  to  the 
integral  values  for  the  entire  closed  circuit;  accordingly,  Max- 
well's statement  (Vol.  II,  paragraph  541)  is  in  terms  of  these 
integral  qualities: 

"  The  total  electromotive  force  acting  round  a  circuit  at  any 
instant  is  measured  by  the  rate  of  decrease  of  the  number  of 
lines  of  magnetic  force  which  pass  through  it.** 
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This  is  the  fundamental  statement  of  fact,  as  distinct  from 
theory,  in  electromagnetic  induction. 

2.  As  the  current  and  the  lines  of  force  are  invariably  closed, 
it  follows  as  a  mathematical  necessity  that  the  rate  of  cutting 
of  lines  of  force  by  the  circuit  is  equal  to  the  rate  of  change  in 
the  number  of  lines  of  force  through  the  circuit.  Maxwell  ex- 
presses this  (Vol.  II,  paragraph  541)  as  follows: 

**  If,  therefore,  the  number  of  lines  which  pass  through  a 
conducting  circuit  is  made  to  vary,  it  can  only  be  by  the  cir- 
cuit moving  across  the  lines  of  force,  or  else  by  the  lines  of 
force  moving  across  the  circuit.  In  either  case,  a  current  is 
generated  in  the  circuit." 

The  ordinary  **  cutting  of  lines  of  force  "  statement  is  thus  a 
derived  law  and  involves  something  more  than  the  experimental 
facts.  This  addition  may  be  merely  the  mathematical  theorem 
that  for  any  closed  circuit  the  integral  result  of  the  **  cutting  " 
statement  is  the  same  as  that  of  the  "  flux  "  statement;  or  it 
may  also  include,  consciously  or  unconsciously,  the  hypothesis 
that  the  induced  electromotive  force  is  physically  and  locally 
associated  with  the  cutting  of  the  induction.  However  natural 
it  may  have  been  for  Faraday  to  localize  the  induction  at  the 
point  where  there  was  cutting  of  the  lines  of  force,  it  is  evident 
that  this  was  theory  and  not  experiment,  for  the  experimental 
facts  may  be  accounted  for  on  the  hypothesis  of  action  at  a 
distance.  If  Faraday's  theory  rather  than  Faraday's  experi- 
ments is  made  the  starting  pojpt,  then,  of  course,  **  cutting  of 
lines  of  force  **  is  fundamental  and  the  flux  statement  becomes 
the  derived  law. 

3.  The  law  of  induction  applies  to  circuits  in  non-conductors 
as  well  as  to  circuits  in  conductors.  One  of  the  most  important 
applications  of  the  law  is  to  the  free  ether,  where  no  materials 
are  present.  Mr.  Hering's  restriction  to  conductors  would 
therefore  be  perfectly  arbitrary  and  extremely  inconvenient. 
Where  the  conductor  is  not  closed  the  circuit  is  always  completed 
through  the  dielectric.  The  induction  in  the  dielectric  must 
always  be  borne  in  mind. 

4.  It  is  self-evident  that  the  fundamental  statement  of  the 
law  of  induction  applies  to  a  linear  circuit  and  that  it  can  be 
extended  to  a  circuit  having  a  finite  cross-section  only  after  the 
system  has  been  resolved  into  infinitesimal  filaments.  This 
principle  is  an  elementary  one  in  applied  theory,  but  its  recog- 
nition eliminates  all  difficulty  in  the  application  of  the  flux 
statement  to  Mr.  Hering's  "  crucial  "  experiment.  Thus  the 
sketch  shows  the  springs  in  the  process  of  sliding  over  the 
magnet,  which  is  resolved  into  a  network  of  conducting  fila- 
ments. As  it  is  found  to  be  immaterial  how  this  resolution  is 
made  in  the  present  case,  a  simple  illustrative  network  is  all 
that  is  attempted  in  the  sketch.  In  the  experiment,  all  of  the 
induction  passes  through  the  iron  and  none  of  it  through. circuit 
1-    Motion  of  the  springs  does  not  change  the  number  of  lines 
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of  force  threading  circuit  1  or  circuit  2  or  any  of  the  remaining 
17  circuits.  Therefore,  the  integral  electromotive  force  around 
each  circuit  is  zero;  and  no  currents  can  flow;  hence  the  ex- 
perimental result. 

b.  When  it  is  possible  to  state  a  law  in  more  than  one  way 
it  is  ordinarily  true  that  the  application  of  the  law  to  different 
problems  will  be  facilitated  by  the  choice  of  different  forms  of 
the  law,  and  that  this  is  the  case  with  the  law  of  induction 
is  not  surprising  or  significant.  As  Mr.  Hering  happened  on  a 
unipolar  experiment,  he  found  the  cutting  statement  more  con- 
venient, as  have  others  before.  Had  he  happened  upon  an 
experiment  involving  toroidal  coils  or  slotted  armatures,  he 
would  presumably  have  advocated  the  flux  statement. 

6.  Mr.  Hering's  new  machine  is  actually  a  unipolar  dynamo. 
Faraday  in  hisjmachines,  preferred  to  make  both  the  cutting  of 
lines  of  force  and  the  sliding  of  contacts  perfectly  tmiform; 
this  condition  seems  to  be  the  ideal  one  and  it  is  now  being  found 


Fig.  I 


to  be  commercial.  Obviously  this  particular  arrangement  is 
not  necessary.  This  is  Mr.  Hering's  machine,  while  the  in- 
duction cut  by  each  spring  is  (on  the  whole)  in  one  direction 
throughout  the  motion,  the  cutting  and  the  sliding  of  contacts 
are  made  intermittent  and  alternate  with  each  other.  The 
expectation  aroused  at  the  beginning  of  Mr.  Hering's  paper, 
that  the  limitations  of  the  magnetic  induction  machine  were 
about  to  be  extended,  meets  with  disappointment.  It  still 
remains  true  that  for  a  direct-current  machine  magnetic 
induction  alone  is  not  sufficient;  sliding  contacts,  a  commutator, 
a  variable  resistance  or  some  other  auxiliary  device  isL  necessary. 
To  summarize:  The  **  flux  "  law  is  a  literal  statement  of  the 
observed  facts  of  electromagnetic  induction  and  enables  the 
results  to  be  predicted  in  any  case  whatsoever.  The  unipolar 
induction  experiment  described  by  Mr.  Hering  presents  no  ex- 
ception to  this  rule  and  throws  no  new  light  upon  the  subject. 
The  "  cutting  of  lines  of  force  '*  statement  may  be  regarded  either 
as  a  mathematical  substitute  for  the  "  flux  "  statement,  or  as  a 
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theory  localizing  the  observed  action.  Both  statements  of  the 
law  are  useful  in  practice. 

Tracy  D.  Waring  (by  letter) :  Any  great  generalization  when 
concisely  worded  is  a  likely  cause  of  misapprehension.  The  novel 
and  ingenious  experiment  by  which  Mr.  Hering  links  and  un- 
links magnetic  flux  into  and  out  of  an  electrically  closed  con- 
ducting circuit  without  producing  any  inductive  effect  should 
go  far  towards  removing  a  prevalent  misunderstanding  or  mis- 
interpretation of  the  law  which  for  brevity  we  may  term  the 
Linkage  Law  of  electromagnetic  induction. 

In  considering  some  of  the  questions  raised  by  Mr.  Hering, 
it  would  seem  appropriate  to  call  to  mind  the  physical  concep- 
tions as  to  the  nature  of  electromagnetic  induction  from  the 
point  of  view  of  electromagnetic  theory. 

In  any  circuit  undergoing  electromagnetic  induction,  the 
electromotive  force  produced  in  that  circuit  is  due  to,  or  rather 
owes  its  existence  to,  the  electric  intensity'  developed  at  some 
or  all  of  the  points  of  the  circuit.  The  seat  of  the  electric  in- 
tensity (electromagnetically  produced)  can  only  be  at  that  place 
in  a  medium  where  the  magnetic  field  is  in  some  way  changing 
relatively  to  the  medium,  so.  we  may  perhaps  describe  electro- 
magnetic  induction  thus:  Consider  any  point  of  a  medium  in 
which  a  magnetic  field  is  sustained;  then  electromagnetic  in- 
duction, if  it  exists  there,  may  be  described  as  the  production 
of  an  electric  intensity,  at  the  point  considered,  by  a  change  in 
the  magnetic  field  at  that  point. 

If  this  statement  be  true,  what  shall  we  understand  by  a 
change  in  a  magnetic  field  at  a  point  ?  How  is  such  a  change  to 
be  specified  and  by  what  physical  conception  may  we  picture  it? 

An  adequate  answer  to  these  questions,  if  such  be  possible, 
would  involve  a  complete  physical  theory  of  the  ether  and  matter, 
a  problem  so  profound  and  vast  that  the  considerations  here  pre- 
sented have  by  comparison  but  slight  significance.  These  con- 
siderations are  ventured,  however,  as  laying  stress  on  a  certain 
aspect  of  the  common  conceptions  relating  to  electromagnetic 
induction. 

Taking  the  case  of  a  magnetic  field  in  an  isotropic  medium 
having  unit  permeability  (that  is,  a  medium  in  which  the  mag- 
netic intensity  and  the  magnetic  induction  are  numerically  identi- 
cal), how  shall  we  describe  a  change  of  the  magnetic  state  at  a 
point  in  such  a  medium  and  the  related  electric  state  or  electric 
field  accompanying  the  change  of  magnetic  field?  The  magnetic 
field  has  at  every  point  intensity  and  direction,  either  or  both 
of  which  may  change.  A  change  of  magnetic  intensity  at  the 
point  will  suffice  to  produce  an  electric  intensity  there,  the  di- 
rections of  the  electric  and  the  magnetic  intensities  being  so 
related  as  to  be  at  right  angles  to  each  other.  But  that  is  not 
all.     Both  the  magnetic  intensity  and  its  direction  may  remain 

1.  Also  variously  termed  electromotive  intensity,  electric  force,  and 
intensity  of  electnc  field. 
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constant  and  yet  some  change  in  the  magnetic  field  may  take 
place,  at  a  point  in  the  medium,  that  will  produce  an  electric 
intensity  there.  Relative  motion  between  the  magnetic  field 
and  the  medium  will  do  this.  Such  relative  motion  then  also 
represents  a  change  in  the  magnetic  field  at  a  point. 

But  how  shall  we  picture  such  motion?  Consider  any  point 
or  points  of  a  medium  in  which  a  uniform  magnetic  field  is  sus- 
tained. Conceive,  if  you  can,  a  relative  translational  motion 
of  the  uniform  field  with  respect  to  the  point  or  points  fixed 
in  the  medium.  The  magnetic  intensity  and  its  direction  are 
everywhere  constant,  and  no  instrument  fixed  in  the  medium 
and  indicating  only  intensity  and  direction  would  give  any  in- 
dication that  the  field  was  moving;  yet  we  can  hardly  doubt 
that  something  does,  or  may,  move  relatively  to  the  medium 
and  that  the  medium  responds  by  having  an  electric  intensity 
produced  in  it  (unless  the  line  of  motion  happen  to  coincide  with 
the  direction  of  the  magnetic  intensity). 

By  what  physical  conception  can  we  make  such  relative 
motion  have  a  physical  meaning?  Perhaps  we  may  put  it  as 
follows:  Intensity  and  its  direction,  as  we  measure  them,  do 
not  fully  specify  a  magnetic  field  at  a  point.  It  is  not  to  be 
expected  that  so  simple  an  expression  could  give  more  than  the 
faintest  clue  to  the  physical  state  we  call  magnetic,  for  even 
a  so-called  uniform  field  is  not  really  uniform  for  very  minute 
dimensions — let  us  say,  for  instance,  for  dimensions  of  atomic 
size  or  perhaps  much  smaller.  If  we  could  only  see  closely  enough, 
we  would  see  that  a  so-called  uniform  field  possesses  some  sort 
of  polarized  structure,  magnetic  filaments  of  some  sort  all  run- 
ning the  same  way  and  perhaps  uniformly  spaced. 

And  so  we  appear  compelled  to  fall  back  on  a  conception  of 
lines  of  force  or  tubes  of  induction  having  some  sort  of  a  real 
physical  existence,  if  the  relative  motion  between  a  imiform  field 
and  the  medium  in  which  it  is  sustained  is  to  have  physical 
significance. 

Take  a  simple  concrete  example,  say  a  uniformly  magnetized 
permanent  magnet,  shaped  something  like  the  letter  C,  with  pole 
faces  broad  and  flat  and  not  very  far  apart  (see  Fig.  1).  Let 
the  surrounding  medium  be  a  dielectric,  insulating  oil  for  in- 
stance, which  we  shall  suppose  remains  quiescent  around  the 
fixed  point,  P. 

The  field  near  the  center  of  the  pole  faces  is  practically  uni- 
form. Nearer  the  edges  its  intensity  is  weaker  and  changes  in 
inclination,  that  is,  in  direction.  Now  what  happens  as  the 
magnet  moves  forward,  relative  to  the  point  P  fixed  in  the  oil, 
and  in  the  direction  indicated  by  the  arrow?  It  is  not  difficult 
to  conceive  of  the  magnetic  state  being  created  in  front  of  the 
poles  as  the  magnet  advances,  and  the  same  kind  of  state  dis- 
appearing or  being  destroyed  behind  them,  while  in  that  part 
where  the  field  is  uniform  the  magnetic  state  is  constant  and  ap- 
parently does  not  in  any  way  change  as  the  upper  pole  face 
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passes  over  and  the  lower  one  under  it.  But  consider  the  matter 
more  closely.  Imagine  a  minute  but  intelligent  being,  sta- 
tioned at  P,  equipped  with  an  instrument  suitable  for  indi- 
cating to  him  the  intensity  and  direction  of  the  magnetic  field. 
Watching  his  instrument  as  the  magnet  begins  to  approach  him, 
he  sees  the  magnetic  intensity  growing  stronger  and  stronger 
and  ever  changing  in  direction  (inclination),  but  presently  it 
reaches  a  maximum  and  remains  constant  in  magnitude  and 
direction.  He  is  then  in  that  part  of  the  field  which  we  call 
uniform.  But  is  that  state,  which  we  call  magnetic,  really  at 
rest  about  him?  Could  he  perhaps  not  see,  with  a  wonderful 
imaginary  eye,  the  magnetic  filaments  or  magnetic  whirls  or 
lines  of  stress  or  flow  or  whatever  they  are — could  he  not  see 
them  file  past  him  as  the  pole  faces  move  above  and  below 
him,  or,  as  a  last  resort,  could  he  not  devise  an  instrument 
that  would  indicate  an  electric  intensity  in  the  field  about  him? 


rig.i 


Considerations  similar  to  these  arise  in  considering  the  ro- 
tation of  a  magnetic  field  about  a  line  of  force  as  an  axis  which 
happens  to  be  also  an  axis  of  symmetry  for  the  field.  For  in- 
stance, Mr.  Hering  raises  the  question:  Does  the  magnetic  field 
of  a  round,  uniformly  magnetized  bar  magnet  rotate  with  the 
magnet  if  the  magnet  be  made  to  rotate  about  its  axis  by  mechan- 
ical means?  Here  for  any  given  point  in  the  field  the  magnetic 
intensity  is  constant  in  direction  and  magnitude,  whether  the 
field  rotates  or  remains  stationary?^ 

Sir  Oliver  Lodge  believes  that  the  field  does  rotate  with  the 
magnet,  or  at  least  he  says:  **  If  a  magnet  were  spun  on  its  axis 
rapidly  by  mechanical  means,  there  is  very  little  doubt  but  that 
it  would  act  on  charged  bodies  in  its  neighborhood,  tending  to 

2.  We  are  of  course  not  considering  enormous  hypothetical  peripheral 
speeds,  such  as  would  be  comparable  with  the  rate  of  propagation  of 


magnetic  di^urbances. 
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make  them  move  radially  either  to  or  from  it.  This,  however, 
is  an  experiment  that  ought  to  be  tried;  and  the  easiest  way 
of  trying  it  would  be  to  suspend  a  sort  of  electrometer  needle, 
electrified  positive  at  one  end  and  negative  at  the  other,  near  the 
spinning  magnet,  and  to  look  for  a  trace  of  deflection — to  be 
reversed  when  the  spin  is  reversed.  A  magnet  of  var5ring 
strength  might  be  easier  to  try  than  a  spinning  one."*  Mr. 
Hering  suggested  the  use  of  a  single  wire  and  a  condenser  for 
an  experiment  of  a  similar  character.^ 

To  fix  our  ideas,  imagine  the  arrangement  indicated  in  Fig.  2, 
which  represents  a  bar  magnet  capable  of  rotating  around  its 
axis  and  encircled  by  two  concentric  and  coaxial  cylindrical  con- 
ducting surfaces.  The  two  surfaces,  which  we  may  look  upon 
as  the  two  plates  of  a  cylindrical  condenser,  are  fished  in  space, 
while  the  magnet  may  be  made  to  rotate  by  some  mechanical 
means  not  indicated  in  the  figure. 


^^ 


CfiB-^ 


Flg.8 


Now  assume  the  magnet  to  be  rotating  around  its  axis  at  a 
high  speed  and  then  place  a  conductor,  say  a  piece  of  wire, 
across  from  i4  to  B.  If  it  be  true  that  the  field  rotates  with  the 
magnet,  then  such  of  the  flux  as  passes  between  the  cylinders 
will  cut  the  wire  and  the  cylinders  will  become  charged  elec- 
trically. Their  electrical  condition  could  be  investigated  after 
first  removing  the  wire  and  then  allowing  the  magnet  to  come 
to  rest. 

The  experiment  might  perhaps  be  modified  so  as  to  get 
cumulative  results  by  means  of  water-drop  collectors  as  in 
Fig.  3.  With  this  arrangement  the  magnetic  flux  of  the 
rotating  field  cuts  the  wire,  establishing  an  electromotive  force 

3.  Modem  Views  of  Electricity,  Section  73,  1907  edition,  by  Oliver 
Lodge.     Also  see  Lodge,  Phil.  Mag.,  June  1889,  page  469. 

4.  A  New  Factor  in  Induction;  the  "  Loop  '*  verstu  the  ''  Cutting 
Lines  of  Force  Law  ",  by  Carl  Hering,  Electrical  World,  March  14.  1908. 


Digitized  by  VjOOQIC 


1908] 


DISCUSSION  AT  ATLANTIC  CITY 


1367 


between  the  ends  a  and  />,  in  consequence  of  which  the  water- 
drops  at  the  extremities  of  the  conductor  take  on  opposite  elec- 
trical charges.  The  charges  are  carried  off  by  the  water-drops, 
and  the  latter  in  turn  give  up  their  charges  to  the  collecting 
cylinders  which  should  become  more  and  more  heavily  charged. 


WATtROHOmiW* 
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Of  these  suggested  experiments  that  proposed  by  Loflge  is 
perhaps  of  the  greater  theoretical  interest,  as  it  could  be  per- 
formed in  some  suitable  dielectric  without  perhaps  using  any 
conducting  material  in  the  field,  and  is  in  line  with  the  ex- 
periment so  successfully  carried  out  by  Dr.  H.  A.  Wilson  in 
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which  he  measured  the  electric  displacement  in  a  dielectric 
resulting  from  its  motion  in  a  magnetic  field.* 

Carl  Bering  (by  letter) :  Concerning  Dr.  Steinmetz's  remarks, 
I  am  greatly  pleased  to  see  that  he  agrees  with  me  on  the  main 
points.  The  statement  of  the  general  law  of  electromagnetic 
induction  which  he  gives  is  probably  the  first  statement  which 
has  ever  been  published  of  a  form  of  the  law  which  is  really 
universal,  so  far  as  we  know  now,  and  I  hope  that  in  the  future 
it  will  be  copied  into  text-books  freely;  I  know  of  no  case,  no 
matter  how  complicated,  in  which  the  student  would  be  misled 
into  getting  wrong  conclusions,  or  even  only  doubtful  conclu- 
sions, when  applying  this  new  statement  of  the  law.  The  only 
comment  I  have  to  make  about  it  is  that,  to  be  quite  accurate, 
it  should  be  preceded  by  a  statement  that  it  applies  only  to 
elemental  conductors,  that  is,  to  conductors  the  cross-section 
of  which  is  negligibly  small;  when  the  cross-section  is  relatively 
large,  some  further  limitations  would  have  to  be  introduced 
into  the  law  to  make  it  strictly  correct  and  these  limitations 
would  complicate  it. 

What  Dr.  Steiumetz  says  concerning  the  form  of  induction 
in  unipolar  machines,  was,  of  course,  well  known  to  me,  but 
the  usual  unipolar  machine  does  not  come  directly  under  Max- 
well's law  as  there  is  no  definite  limited  loop  in  which  the  en- 
closed flux  increases  or  diminishes.  Hence  the  induction  in 
unipolar  machines  has,  for  many  years,  not  been  considered  a 
direct  contradiction  of  Maxwell's  law,  or  of  the  law  of  linkages. 
In  my  experiment,  however,  the  conditions  are  such  that  Max- 
well's law  can  be  applied  directly,  there  being  a  very  well-defined 
permanently  closed  loop  and  a  well-defined  increase  and  decrease 
of  flux  enclosed  by  that  loop.  It  therefore  contradicts  Max- 
well's law  directly,  while  the  induction  in  unipolar  machines 
does  not  do  so,  directly.  I  am  pleased  that  Dr.  Steinmetz 
agrees  with  me  that  Maxwell's  and  Thomson's  statements  of  the 
law  are  not  universal,  but  refer  only  to  special  cases.  If  Max- 
well's law  applies  only  to  **  conditions  of  continuity  of  conductor 

5.  See  Proc.  Roy.  Soc,  vol.  73,  1904.  The  experiment  consisted  in 
rotating  a  hollow  cylinder  or  tube  of  ebonite  about  its  axis,  the  rotation 
being  performed  in  a  magnetic  field  the  direction  of  which  coincided 
with  the  axis  of  rotation.  The  inner  and  the  outer  cylindrical  surfaces 
were  each  covered  with  a  metallic  film,  against  each  of  which  sliding 
brushes  made  contact.  The  brushes  were  connected  to  a  quadrant  elec- 
trometer, the  deflection  of  the  latter  thus  becoming  a  measure  of  the 
charge  displaced  through  the  walls  of  the  cylinder. 

The  results  indicated  that  an  electromotive  force  was  produced  be- 
tween the  inner  and  the  outer  conducting  cylindrical  surfaces  the  same 
as  though  a  conductor  had  been  used  instead  of  ebonite,  but  that  the 
value  of  the  electromotive  force  was  less  ifor  the  ebonite  in  the  ratio  of 
K  —  K 
— -jP ;  K  being  the  electric  permitivity  of  the  ebonite  and /Co  that  of 

free  ether,  that  is  numerically  K^  =  \  when  K=  the  specific  inductive 
capacity  of  the  moving  dielectric  (in  this  case  ebonite). 
See  also  Blondlot,  Journal  de  Physique,  January  1902. 
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and  contintdty  of  motion",  as  Dr.  Steinmetz  states  it,  this  lim- 
iting condition  ought  always  to  accompany  the  statement  of 
Maxwell's  law;  but  this  is  not  the  case  in  most  text-books; 
and  the  student  should  not  be  left  to  find  out  these  limiting 
conditions  himself. 

Dr.  Steinmetz's  description  of  why  a  magnetic  field  remains 
fixed  in  space  while  the  magnet  generating  it  revolves  on  its 
axis  is  interesting.  It  seems,  however,  that  high  authorities 
differ  on  this  point,*  hence,  the  question  must  still  be  con- 
sidered an  open  one. 

I  am  pleased  to  see  that  Dr.  Kennelly  agrees  with  me  that 
the  movement  of  magnetic  flux  across  the  boundary  is  the 
primeordial  proposition  and  the  increase  or  diminution  of  flux  in 
a  loop  is  secondary.  This  statement  is  merely  another  way  of 
saying  that  Faraday's  statement  of  the  law  is  the  fundamental 
one  and  explains  the  seat  of  the  induction,  while  Maxwell's 
statement  is  a  deduction  from  it,  applying  only  to  special  cases 
with  strict  limitations  (which  latter  do  not  generally  accompany 
the  law  in  text-books). 

One  of  Professor  Elihu  Thomson's  remarks,  namely,  that  he 
formerly  used  Maxwell's  law,  but  later  adopted  Faraday's 
view  of  line  cutting  as  the  essential  thing,  bears  out  the  con- 
tention that  Faraday's  law  is  the  more  reliable.  His  proposed 
universal  law,  followed  afterwards  by  an  admitted  exception, 
illustrates  the  difficulty  of  framing  a  universal  law. 

Dr.  Franklin's  remarks  show  that  the  teacher  who  looks  at 
these  phenomena,  in  a  broad  and  general  way  will  be  apt  to 
supply  in  his  own  mind  the  omitted  limitations  of  a  briefly 
stated  law  or  rule.  Students,  however,  as  also  many  who  are 
engaged  in  practical  work,  accept  a  law  as  it  is  stated  and  apply 
it  literally;  hence  they  may  be  very  seriously  misled  unless  the 
limitations  clearly  accompany  such  a  law. 

Mr.  Thomas's  remarks,  in  my  opinion,  illustrate  very  forcibly 
my  contention  that  the  statement  of  Maxwell's  law  is  imper- 
fect; for  if  it  requires  such  a  complicated  interpretation  as  he 
gives  in  order  to  make  it  fit  this  experiment,  and  perhaps  even 
more  intricate  interpretations  to  fit  other  possible  cases,  it 
certainly  is  not  in  correct  form  to  be  given  to  students  and 
practicing  engineers  to  use  as  it  reads.  A  careful  student 
reading  Mr.  Thomas's  explanation,  would  naturally  feel  great 
uncertainty  in  applying  Maxwell's  statement  of  the  law  to  other 
unusual  cases  before  he  knew  the  result.  If,  in  this  experiment, 
the  continuously  closed  circuit  must  be  considered  as  being 
broken  (as  Mr.  Thomas  states  in  italics) ,  then  it  must  necessarily 
follow  that  in  all  other  sliding  contacts,  such  as  those  on  alter- 
nators, revolving  fields,  induction  motors,  etc.,  the  circuit 
must  be   considered   to  be  broken  all  the   time.     Hence   the 

*  See  Modern  Views  of  Electricity,  Lodge,  1907,  Section  73,  page  142. 
Also  A  Treatise  on  Magnetism  and  Electricity,  Andrew  Gray,  1898. 
page  329,  Section  423,  in  which  the  author  says:  "  When  the  magnet 
moves,  its  field  of  force  moves  with  it." 
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current  is  flowing  through  a  broken  circuit  without  causing  an 
arc — which,  of  course,  leads  to  an  absurdity. 

Replying  to  Mr.  Graham,  I  need  only  say  that  the  experiment 
deals  only  with  permanently  closed  circuits  through  which  a 
steady  current  could  be  flowing  all  the  time.  Hence  his  analogy 
to  a  circuit  which  is  opened  and  the  flux  moved  out  through 
the  opening,  is  not  legitimate  discussion  of  the  experiment 
itself. 

Mr.  Hanchett's  first  experiment  is  essentially  different  from 
mine  and  has  no  bearing  on  mine,  as  it  distinctly  opens  and 
closes  a  circuit  at  a  switch.  His  second  experiment  is  described 
in  my  paper,  Fig.  3.  It  seems  that  Mr.  Hanchett  has  evidently 
failed  to  see  the  very  point  of  the  experiment,  which  was  that 
in  teaching  students  the  laws  and  rules  for  their  practical  use, 
these  laws  and  rules  should  be  so  stated  that  the  student  will 
readily  understand  them,  can  feel  absolute  reliance  in  them,  can 
predict  results  with  certainty  and  reliance,  and  will  not  have 
to  resort  to  complicated  interpretations  (like  leaving  a  part  of 
a  circuit  behind  notwithstanding  that  all  of  it  has  been  visibly 
removed)  in  order  to  make  the  laws  fit  special  cases  after  experi- 
mental investigation  has  shown  what  the  result  is. 

Mr.  Waring's  suggestions  of  methods  to  detennine  whether  a 
field  moves  with  its  magnet  or  not,  are  very  ingenious,  par- 
ticularly the  one  with  the  water-drop  collectors,  which  it  seems 
to  me  would  not  be  difficult  to  carry  out.  As  the  result  is  a 
simple  question  of  fact  concerning  which  the  theories  of  able 
authorities  give  contradictory  results,  it  would  be  very  inter- 
esting to  have  this  experiment  carried  out.  '  I  had  suggested 
the  use  of  condensers  for  such  an  experiment,  but  his  water-drop 
method  would  give  cumulative  results,  which  makes  the  measure- 
ment easier.  The  precaution  of  course  should  be  taken  to  stop 
the  rotation  of  the  magnet  before  connections  are  made  with 
the  electrometer,  so  that  there  could  not  be  any  question  of  a 
possible  induction  in  any  leads,  which  has  heretofore  been  the 
great  stumbling-block  in  any  direct  measurements. 

Mr.  Campbell's  statement  that  **  the  current  is  determined  by 
the  integral  electromotive  force  around  the  circuit"  is,  in  my  opin- 
ion, an  evident  fallacy,  as  every  student  will  know  that  a  current 
is  not  determined  by  the  electromotive  force,  but  by  the  quotient 
of  the  electromotive  force  and  the  resistance;  without  a  knowl- 
edge of  the  resistance  the  current  is  a  decidedly  indeterminate 
quantity.  In  his  paragraph  2  he  virtually  says  that  **  as  the 
current  "  is  *'  invariably  closed,  it  follows  as  a  mathematical 
necessity  that  *'  there  cannot  be  any  such  a  thing  as  an  open 
circuit,  hence  Maxwell's  loop  law  is  universal! 

Of  course  if  one  starts  out  with  the  arbitrary  assumption  that 
an  electric  circuit  cannot  ever  be  opened,  then  one  thereby  in- 
capacitates himself  to  even  consider  such  a  thing  as  induction 
of  electromotive  force  in  an  open  circuit.  Persons  who  have 
been  left  embarrassed  in  the  dark  by  an  opening  of  the  electric 


Digitized  by  VjOOQIC 


1908]  DISCUSSION  AT  ATLANTIC  CITY  1371 

light  supply  circuit,  or  whose  motors  have  been  stalled  for  a 
similar  reason,  will  not  have  much  faith  in  arguments  as  to  the 
impossibility  of  opening  circuits.  If  Mr.  Campbell  will  read 
Faraday  he  will  find  that  this  distinguished  experimenter  in- 
variably made  experiments  first  and  suggested  theories  to  ac- 
cord with  the  facts  afterwards.  I  believe  he  was  never  guilty 
of  torturing  facts  to  fit  premature  theories;  he  never  to  my 
knowledge  had  to  interpret  a  closed  circuit  to  be  open  or  an 
open  one  to  be  closed,  in  order  to  fit  a  pet  theory  to  the  facts. 
To  Mr.  Campbell's  arbitrary  assertion  that  induction  '*  where  no 
materials  are  present  "  is  **  one  of  the  most  important  applica- 
tions *'  of  the  law  under  discussion,  it  is  I  hope  not  necessary 
to  reply;  the  usual  industrial  use  of  induction  is  to  get  useful 
currents,  which  could  not  flow  where  there  are  no  materials  to 
conduct  and  confine  them.  Why  should  we  be  expected  to 
accept  his  very  arbitrary  and  non-proved  statement  (4)  that 
"it  is  self-evident  that  the  fundamental  statement  of  the  law 
of  induction  applies  to  linear  circuits  *'  (presumably  meaning 
closed  circuits  or  complete  loops,  as  he  described  before).  Au- 
thorities, who  are  recognized  both  here  and  abroad,  consider  the 
general  case  to  include  all  kinds  of  circuits  whether  open  or 
closed,  the  closed  circuit  being  therefore  a  special  case;  in 
order  to  be  fundamental,  a  law  must  apply  to  the  general  case. 
Many  who  have  been  asked  have  acknowledged  frankly,  and  in 
a  true  scientific  spirit,  that  Maxwell's  law  as  usually  stated 
would  not  have  predicted  the  correct  results  of  this  experiment 
before  the  results  were  known:  hence  Mr.  Campbell's  arbitrary 
statement  that  it  **  enables  the  results  to  be  predicted  in  any 
case  whatsoever  "  is  not  borne  out  by  facts.  That  the  ex- 
periment "  throws  no  new  light  on  the  subject  "  is  a  matter  about 
which  others  have  expressed  a  diiSEerent  opinion  to  me.  One 
of  the  chief  objects  of  my  paper  was  to  try  to  show  that  there 
is  room  for  improvement  in  teaching  students  the  fundamental 
laws,  so  that  they  will  obtain  such  a  clear  and  unencumbered 
conception  of  those  laws  that  they  will  have  confidence  in 
applying  them  for  predicting  results,  without  involving  com- 
plicated "  interpretations  " — such  as  having  to  consider  an 
open  circuit  to  be  a  closed  one,  or  the  reverse. — which  require 
an  experimental  determination  before  a  correct  prediction  can 
be  made.  Mr.  Campbell's  discussion  is  a  good  illustration  of 
this. 

Mr.  Thomas  has  claimed  above  that  what  is  universally  con- 
sidered by  electrical  engineers  to  be  a  closed  circuit  must  now  be 
considered  to  be  an  open  circuit  in  order  to  make  his  theory  fit 
this  case,  and  now  Mr.  Campbell  claims  that  what  would  generally 
be  considered  to  be  an  open  circuit  must  now  be  considered  to 
be  a  closed  one  in  order  to  make  his  theory  fit  this  case.  I 
think  this  is  a  good  illustration  of  the  point  raised  in  the  paper, 
that  Maxwell's  law  is  not  in  a  satisfactory  form  for  teaching 
students,  or  for  engineers  to  use. 
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GRAPHICAL  TREATM'ENT  OP  THE  ROTATING  FIELD 


BY  R.  B.  HBLLMUND 


The  object  of  this  paper  is  to  evolve  diagrams  by  means  of 
which  nearly  all  the  phenomena  of  the  rotating  field  may  be 
easily  studied,  and  the  various  factors  necessary  for  the  calcu- 
lation of  fluxes,  exciting  current,  etc.,  exactly  determined.  In 
order  to  avoid  too  frequent  repetition  of  certain  expressions, 
the  author  has  adopted  the  expedient  of  using  the  words  "  ad- 
dition "  and  "  subtraction  *'  to  mean  geometrical  addition  and 
subtraction  of  vectors  according  to  the  well-known  conventional 
method. 

The  derivation  of  a  full  pitch  two-phase  winding  with  four  slots 
per  pole  per  phase  as  represented  in  Fig.  1  may  be  chosen.  The 
two  vectors  a  and  b  in  Fig.  2  represent  the  total  ampere-turns  of 
the  two  phases  a  and  6.  Under  this  asisumption  the  ampere- 
turns  of  one  of  the  8  coils  of  each  phase  may  be  represented  b)" 
one-eighth  of  each  of  the  two  vectors.  In  Fig.  1  the  coils  of 
phase  a  are  ntunbered  from  la  to  8a,  those  of  phase  6  from 
16  to  86.  As  in  any  similar  winding  the  current  flows  in  four 
coils  of  each  phase  in  one  direction  and  in  the  other  four  coils 
of  the  Sd.me  phase  in  the  opposite  direction;  the  difference  of 
flow  is  indicated  in  Fig.  1  by  +  and  —  signs  in  front  of  the 
number  of  the  coil. 

1.  Diagram  of  the  fluxes  in  the  individual  teeth.  Consider, 
first,  tooth  number  2.  It  is  seen  from  Fig.  1,  that  the  coils 
-3a,  -4a,  -|-5a,  +6a,  -|-16,  +26,  -1-36,  and  +46  exert  a 
magnetizing  effect  upon  this  tooth.  The  effects  of  the  coils 
—  3a,  —4a,  +5a,  and  +6cr  neutralize  each  other,  and  therefore 
the  resultant  magnetizing  effect  is  in  phase  with  the  ampere- 
turns  6  and  equal  to  four-eighths  of  6.    The  resultant  mag- 
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netizing  effec.  may  therefore  be  represented  by  the  vector  0-2 
Fig.  3,  which  is  equal  to  four-eighths  of  b  and  parallel  thereto. 
Passing  from  tooth  2  to  tooth  3,  it  will  be  seen  that  the  mag- 
netizing effect  of  coil  —  3a  must  be  subtracted  and  that  of  coil 
-f  7a  be  added  in  order  to  obtain  the  resultant  magnetizing 
effect  exerted  upon  tooth  3;  the  subtraction  and  addition  may 
be  accomplished  by  adding  the  line  2-3,  which  is  in  phase  with 
the  vector  a  of  Fig^  and  =  two-eighths  of  a,  to  the  line  0-2. 
The  resultant  line  0-3  represents  the  magnetizing  effect  exerted 
upon  tooth  3.  In  the  same  way  the  magnetizing  effects  exerted 
upon  all  16  teeth  maybe  easily  determined.  The  square  16-4-8-12 
is  obtained  in  this  way.  If  a  uniform  reluctance  over  all  the 
poles  is  assimied,  the  vectors  0-1,  0-2,  0-3,  etc.,  may  at  the 
same  time  be  considered  to  represent  the  fluxes  in  the  teeth 
1  to  16,*  if  the  scale  is  changed  under  proper  consideration  of 
the  air-gap  reluctance,  etc. 


Fig.  1. — Space  values  of  the  rotating  field. 

2.  Diagram  of  the  space  values  of  the  total  field.  It  is  obvious 
that  the  vector  representing  the  total  field  over  a  certain  arc 
of  the  pole  face  may  be  easily  obtained  by  simply  adding  the  flux 
vectors  of  those  teeth  which  form  part  of  the  arc  under  consid- 
eration. Thus  in  order  to  obtain  the  vector  representing  the 
total  flux  of  an  arc  equal  to  a  full  pole  pitch,  the  fluxes  of  8 
adjacent  teeth  have  to  be  added.  If,  for  instance,  the  fluxes 
of  teeth  2  to  9  are  added  as  shown  in  Fig.  3,  we  obtain  the 
vector  6a,  which  represents  the  total  flux  over  an  arc  comprising 
the  teeth  2  to  9;  that  is,  over  an  arc  equal  to  the  pole  pitch. 
In  order  to  find  the  total  flux  over  the  teeth  3  to  10,  the  com- 
plete addition  does  not  need  to  be  repeated ;  it  is  only  necessary 

*  This  diagram  for  the  tooth  fluxes  was  evolved  by  Professor  H. 
Gftrges,  Dresden,  and  is  published  in  Electrotechnisch^  Zeitschrift, 
January  3,  1907. 
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to  subtract  from  6a  the  vector  2  and  to  add  the  vector  10; 
thus  the  desired  vector,  7a,  which  represents  the  total  flux 
over  the  teeth  3  to  10,  is  quickly  obtained.  In  the  same  way 
we  find: 

Vector  8a  representing  the  total  flux  over  the  teeth  4  to  11 

^  Kf)  ^  u  u  u  u  u  u        n    tc    -tt) 

"         ^  ^  tfa  a  u         u  u        n    u    -to 

etc. 

The  vector  for  the  flux  between  any  two  points  A  and  B  on  the 
pole  face,  which  are  a  full  pole  pitch  apart  and  which  do  not  coin- 
cide with  the  primary  current  centers,  may  be  just  as  easily  deter- 
mined. Suppose,  for  instance,  that  the  points  A  and  B  are  re- 
spectively one-third  and  two-thirds  of  a  tooth  pitch  away  from 
the  next  current  point.     The  vector  for  the  flux  between  the 

^4^b 


f     I      1  .^t jinJ^iL.!      i  »  JslC^ 


Fig.  2. — Space  values  of  the  rotating  field. 

two  points  may  then  be  found  by  adding  to  the  vectors  of  the 
teeth  3  to  10;  that  is,  to  the  vector  7a  a  vector  equal  to  two- 
thirds  of  the  vector  11  and  by  subtracting  a  vector  equal  to  two- 
thirds  of  the  vector  3.  Thus  the  vector  A  B  is  obtained,  rep- 
resenting the  flux  between  the  points  A  and  B.  It  will  be 
readily  seen  from  this  that  any  line  from  the  center  of  the  dia- 
gram to  one  of  the  sides  of  the  polygon  6a,  7a,  8a,  55,  etc., 
represents  the  flux  of  some  arc  equal  to  the  pole  pitch. 

3.  Diagram  of  potentials.  After  the  total  flux  over  any  full 
pitch  area  of  the  pole  face  is  determined,  the  potential  induced 
in  a  full  pitch  coil  placed  around  this  area  may  be  represented 
by  a  vector  proportional  to  and  lagging  90  degrees  behind  the 
flux  vector;.  If,  for  instance,  the  two  sides  of  a  secondary  coil- 
were  placed  on  the  points  A  and  B    the  potentials  induced  in 
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the  coil  would  be  represented  by  a  vector  proportional  to  the 
vector  A  B  lagging  90  degrees  behind  it.  The  potentials  in- 
duced in  the  primary  coils  are  represented  by  vectors  propor- 
tional to  and  lagging  90  degrees  behind  the  vectors  7a,  8a,  56, 
66,  etc.  The  potential  vectors  corresponding  to  the  field  vec- 
tors 7a,  8a,  56,  66,  etc.,  are  shown  in  Fig.  4,  and  correspond  to 
the  potentials  induced  in  the  coils  7a,  8a,  56,  66,  etc.,  respec- 
tively.   The  total  potential  induced  in  the  four  coils  of  each 


tf« 


Fig.  3. — Space  values  of  the  rotating  field. 
•     • 
group  may  be  obtained  by  simply  adding  the  four  corresponding 
vectors,  as  shown  in  Fig.  4. 

4.  Diagram  of  the  time  values  of  the  total  field.  As  has  been 
stated,  from  Fig.  3  can  be  found  the  vectors,  which  represent 
the  maximum  values  as  well  as  the  time-angle  of  the  total 
fields  over  any  full  pitch  area  of  the  pole  face.  It  w^as  found, 
for  example,  that  the  vector  A  B  represents  the  maximum  flux 
value  between  the  points  A  and  B  of  Fig.  1.     This  flux  does 
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not,  however,  necessarily  represent  the  maximum  flux  which 
exists  at  the  time  at  which  the  flux  between  A  and  B  reaches 
its  maximum  value.  It  is  obvious  that  there  may  be  fluxes 
that  find  some  path  which  does  not  go  through  the  pole  face 
area  between  .4  and  B\  or  there  may  be  fluxes  that  pass  the 
pole  face  between  A  and  B  twice,  and  which  therefore  have  no 
effect  upon  a  coil  located  with  its  two  sides  at  the  points  A 
and  B,     The  question  arises,  therefore,  what  are  the  maximum 


*  '«l»«ffi«&4«# 
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Fig.  4. — Potential  diagram. 

values  of  the  total  field  existing  at  any  point  of  time?  (In 
considering  this  question  the  leakage  fluxes  across  the  slots  and 
the  end  connections  of  the  coils  may  be  neglected,  since  they 
can  easily  be  considered  separately.) 

It  was  found  that  all  the  individual  fluxes  that  go  through 
each  particular  tooth  are  represented  by  the  vectors  1  to  12  in 
Fig.  3.  The  maximum  value  of  the  flux  at  any  time  must  there- 
fore be  represented  by  the  sum  of  all  individual  fluxes  that  have 
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the  same  direction  at  the  time  under  consideration.  If,  there- 
fore, in  Fig.  5.  which  contains  some  of  the  vectors  of  Fig.  3,  a 
time-line,  o  m,  is  assumed,  the  maximum  field  value  for  this 
time  may  be  represented  by  the  addition,  of  all  the  projections, 
of  the  individual  teeth  fluxes,  which  have  the  same  direction, 
upon  the  time-line;  or,  what  is  equivalent,  by  the  projection  of 
the  graphical  sum  of  all  the  teeth  flux  vectors  that  are  at  one 
side  of  the  perpendicular,  xy,on  the  time-line.     For  the  time- 


FiG.  6. — Time  values  of  the  rotating  field. 

line  under  consideration  the  maximum  field  value  is  the  graph- 
ical stxm  of  the  vectors  15,  16,  and  1  to  6:  The  graphical  sum 
of  these  vectors  is  represented  by  the  vector  3fc,  as  before  de- 
rived; consequently  the  value  of  the  total  field  may  be  found 
by  projecting  the  vector  36  on  the  time-line.  This  holds  for 
any  time-line  the  perpendicular  of  which  falls  between  the 
vectors  14  and  15,  or  between  6  and  7.  In  the  same  way  the 
value  of  the  total  field  for  any  time-line  the  perpendicular  of 
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which  falls  between  the  vectors  15  and  IG  or  between  7  and  8 
may  be  found  by  projecting  the  vector  46  on  the  time-line,  etc. 
It  is  also  obvious  that  the  locus  of  the  projection  points  upon 
the  time-line  is  a  circle  arotmd'  the  center  of  each  vector.  A 
very  simple  polar  representation  of  the  total  field  value  in  terms 
of  the  time-angle  may  therefore  be  obtained  by  simply  drawing 
these  circles  for  all  the  vectors,  as  shown  in  Fig.  5.  The  inter- 
section of  the  various  circles  occurs  when  the  perpendicular  to 


^A'dS  JA^A/ 
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Fig.  6. — Comparison  between  the  actual  field  and  the  equivalent  sinu- 
soidal field. 

the  time-line  passes  the  vectors  of  the  teeth  fluxes;  therefore 
the  time-angles  of  the  intersection  points  follow  directly  from 
the  time-angles  of  the  teeth  fluxes. 

5.  Equivalent  sinusoidal  field.  After  the  vector  representing 
the  total  potential  which  is  induced  in  one  group  of  coils  has 
been  found  from  Fig.  4  to  equal  £,  it  is  possible  to  find  the 
amplitude  of  the  equivalent  sinusoidal  field;  that  is,  the  size 
of  a  field  that  has  a  sinusoidal  space  distribution  rotates  with 
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uniform  speed  and  has  the  same  effect  as  the  actually  existing 
field. 

If  n  is  the  number  of  coils  per  pole,  the  angles  between  the 
.  potentials  being  induced  in  the  coils  is 

n 

Moreover,  if  the  potential  induced  in  each  coil  is  x,  it  follows 
from  Fig.  7,  for  the  case  under  consideration: 


X  = 


«    .      a   ,  -.    .     3  a 

2  sm-^  +  2sm-2— 


where  a  =  22''  30' 


'^^^^i^*  7^  J^V^V  7A  Vtf^* 


:^p^. 


Fig.  7. — Diagram  of  the  equivalent  sinusoidal  field. 


In  Fig.  6  a  circle  with  a  radius,  x,  is  shown  in  combination 
with  the  diagram  of  Fig.  3.  The  dotted  line  vectors  represent 
the  potentials  induced  in  the  individual  coils  by  the  equivalent 
sinusoidal  field,  while  the  full-line  vectors  show  the  potentials 
induced  by  the  actual  field.  In  Fig.  8  the  circle  representing 
the  equivalent  sinusoidal  field  is  shown  in  combination  with 
the  diagram  on  Fig.  5. 

6.  Characteristics  of  the  rotating  field.  From  the  diagrams 
evolved  so  far,  the  main  characteristics  of  the  rotating  field 
may  be  discerned  merely  by  looking  at  the  illustrations.  It 
appears  at  once  from  Figs.  3  and  6,  that  the  space  values  of  the 
field  vary  in  size;  from  Figs.  5  and  8  it  appears  that  the  total 
time  values  also  vary  in  size.  From  the  tooth  diagram  in  Fig.  3, 
it  follows  that  the  maximum  values  of  the  individual  teeth 
fluxes    are    different    in    size,    and    their    time-angles    differ 
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from  the  angles  giving  the  space  distances  between  the.  teeth; 
this  means  that  the  individual  parts  of  the  field  rotate  at  non- 
uniform speed.  That  the  total  field  rotates  at  non-uniform 
speed  appears  from  Fig.  6,  because  the  full-line  vectors,  that 
is,  the  vectors  of  the  actual  field  values,  would  coincide  with 
the  dotted  vectors,  which  indicate  the  time-angles  of  a  uni- 
formly rotating  field,  if  the  total  field  were  to  rotate  at  uniform 
speed.  From  Figs.  6  and  8  it  also  appears  that  the  average 
of  the  space  values,  as  well  as  the  average  of  the  time  values, 
are  smaller  than  the  equivalent  sinusoidal  field  values.  Even 
the  average  of  the  flux  vectors  of  the  primary  coils  5a,  6a,  etc., 
is  smaller  than  the  equivalent  sinusoidal  flux  value.  It  seems 
strange  that  the  average  of  the  primary  field  values  induces  the 


Pig.  8. — Diagram  showing  the  time  values  of  the  primary  and  secondary 
nelds  and  the  leakage. 


same  resultant  electromotive  force  as  the  equivalent  but  larger 
sinusoidal  field.  The  reason  for  this  follows  however  at  once 
from  Fig.  6,  which  shows  that  the  actual  field  vectors  56,  66, 
76,  and  86,  for  instance,  which  belong  to  one  group  of  coils, 
are  less  out  of  phase  than  are  the  equivalent  vectors  of  the 
sinusoidal  field  56',  66',  76',  and  86'.  For  this  reason  it  hap- 
pens that  for  some  coil  arrangements  the  actual  field  reaches 
at  no  time  the  value  of  the  equivalent  sinusoidal  field. 

7.  Reactive  effect  of  the  secondary.  So  far  the  diagrams  have 
been  evolved  and  the  field  treated  without  considering  the  re- 
active effects  of  the  secondary.  Assume  now  that  a  single 
coil,  which  may  first  be  considered  to  be  open-circuited,  is  ro- 
tated at  synchronous  speed  round  the  pole  face.     Asstime  further 
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that  the  dotted  lines  la',  2a',  3a',  etc.,  of  Fig.  6  represent  some 
time-positions  of  the  rotating  coil.  They  then  give  the  posi- 
tions of  the  secondary  coil,  in  which  its  sides  coincide  with 
those  of  the  primary  coils  la,  2a^  3a,  etc.,  respectively.  For 
tliese  positions  the  time  vectors  of  the  fields  are  represented 
by  the  full  lines  la,  2a,  3a,  etc.,  in  Fig.  6,  and  the  field  inside  of 
the  moving  coil,  while  the  latter  is  in  position  la'  may  be  found, 
for  instance,  by  projecting  line  la'  upon  la',  assuming  that  the 
sides  of  the  rotating  coil  happen  to  coincide  with  those  of  the 
primary  coil  at  the  time  represented  by  the  vector  la'.  For  any 
other  position  of  the  coil  the  field  inside  the  coil  may  be  similarly 
found.  It  will  be  seen  that  the  field  as  set  up  by  the  primary  in 
the  synchronously  rotating  secondary  coil  will  fluctuate  in  size ; 
therefore  there  will  be  potentials  induced  in  the  secondary  coil, 
and  if  this  coil  is  short-circuited  reactive  currents  occur 
therein.  It  is  also  obvious  that  the  more  the  polygon  differs 
from  a  circle  the  larger  these  currents  will  be.  The  detailed 
treatment  of  the  reactive  currents  takes  considerable  space  and 
will  be  given  later.  It  may  be  sufficient  to  state  here  that  the 
currents  in  the  secondary  tend  to  keep  up  a  field  of  sinusoidal 
space  dictribution  and  uniform  size  rotating  with  uniform 
speed.  This  field  will  naturally  assume  a  value  equal  to  an 
average  of  the  field  values  originally  induced  by  the  primary. 
From  Fig.  8  it  follows  that  this  average  value  will  be  smaller 
than  the  previously  found  value  of  the  equivalent  sinusoidal 
field.  It  follows,  therefore,  that  the  counter  electromotive  force 
induced  by  the  field  which  is  under  the  influence  of  the  secondary 
reactance  will  be  smaller  than  that  induced  by  the  original 
field.  This,  in  turn,  will  cause  a  larger  primary  magnetization 
current  in  order  to  make  up  for  the  decrease  caused  by 
the  secondary  reaction.  For  this  reason  the  magnetizing  cur- 
rent of  a  motor  with  short-circuited  and  S5mchronously  rotating 
secondary  will  be  larger  than  the  current  of  the  motor  with  open 
secondary.  The  ratio  of  the  two  currents  is  the  ratio  of  the 
average  time  values  of  the  actual  field  as  originally  set  up  by 
the  primary  (op-  a  secondary  assumed)  and  the  value  of  the 
equivalent  sinu  jidal  field.  This  ratio  may  be  called  the 
reactance  factor. 

8.  Derivation  of  coefficients.  The  above  diagrams  lend  them- 
selves readily  to  the  derivation  of  such  factors  as  are  required 
for  the  practical  calculation  of  the  rotating  field  and  its  mag- 
netizing current.     By  drawing  a  segment  of  the  diagram  on 
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cross-section  paper,  as  shown  in  Fig.  9,  the  problem  of  exactly 
determining  the  various  factors  is  reduced  to  simple  geometrical 
calculations,  which  may  be  quickly  made  with  the  aid  of  a 
table  giving  the  squares  and  the  square  roots  of  figures  and  the 
angle  functions.  Various  methods  of  proceeding  and  various 
factors  may  be  chosen  for  the  calculation  of  the  magnetizing 
current  and  the  field.  It  seems  to  the  writer,  however,  that 
the  relative  merits  of  each  coil  arrangement  may  be  best  recog- 
nized if  a  coil  arrangement  with  one  slot  per  pole  per  phase  is 
chosen  as  a  base. 
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Fig.  9. 

a.  Potential  factor.  If,  for  instance,  the  potential  being  in- 
duced by  a  given  sinusoidal  field  rotating  w^ith  a  given  uniform 
speed  is  £,,  under  the  assumption  of  a  given  full-pitch  winding  lo- 
cated in  one  slot  per  pole  per  phase,  the  potential  En  induced  by 
the  same  field  in  the  same  winding  distributed  over  n  slots  per 
pole  per  phase  may  be 

En  ==  kpE^, 

where  kp  may  be  called  the  potential  factor.    The  factor  kp  is 
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found  from  diagrams  as  shown  in  Fig.  7,  and  from  the  formulas 
given  in  connection  therewith.  The  curves  of  Fig.  11  give  the 
factor  kp  for  two-phase  and  three-phase  full-pitch  windings  in 
terms  of  the  total  number  of  slots  per  pole. 

6.  Current  factor.  We  assume  further  that  a  certain  number  of 
ampere- turns  in  a  full-pitch  winding  wound  in  one  slot  per  pole  pur 
phase  induces,  in  case  of  an  open-circuited  secondary,  a  field, 
equivalent  to  the  sinusoidal  field  F, ;  and  that  the  same  number 
of  ampere-turns  in  case  of  the  same  winding  wound  in  n  slots 
per  pole  per  phase  induces  with  an  open-circuited  secondary 
a  field  which  is  equivalent  to  a  sinusoidal  field  F„.  The  ratio 
of  the  two  equivalent  sinusoidal  fields, 
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Fig.  10. — Diagrams  for  the  deter- 
mination of  the  various  factors. 


Fig.  11. — Potential  factor. 


k,  = 


may  then  be  called  the  current  factor. 

The  latter  may  be  found  by  drawing,  in  addition  to  the  dia- 
gram of  Fig.  9,  the  diagram  for  one  slot  per  pole  per  phase  as 
shown  in  Fig.  10,  the  same  number  of  total  ampere-turns  being 
assumed  for  both  cases.  The  ratio  of  the  equivalent  sinusoidal 
fields  found  from  the  two  diagrams  is  then  the  current  factor  fe^. 
The  curves  in  Fig.  12  give  the  current  factors  for  two-phase  and 
three-phase  full-pitch  windings  in  terms  of  the  total  number 
of  slots  per  pole. 

c.  Reactance  factor.     The  potential  and  current  factors  are 
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sufficient  for  calculating  the  magnetizing  current  with  an  open- 
circuited  secondary.  In  order  to  find  the  exact  magnetizing 
current  for  the  case  of  a  short-circuited  synchronously  rotating 
secondary  the  previously  mentioned  reactance  factor  has  also 
to  be  determined.  For  this  purpose  we  have  to  find  the  average 
value  of  the  time  values  of  the  total  field.  From  Fig.  9  it  is 
seen  that  for  any  time-line,  O-m,  during  the  time  period  I-II 
the  time  value  of  the  field  is 


O  C  =  0-3  6  cosy. 

The  average  value  over  one  period  may  therefore  be  found 
by  a  very  simple  integration.     Since  the  diagram  in  our  case 
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Fig.  12. — Current  factor. 


Fig,  13. — Reactance  factor. 


has,  however,  eight  symmetrical  segments,  it  is  sufficient  to 
find  the  average  value  for  one  of  the  eight  segments.  Thus  we 
find  the  average  time  value  of  the  field  from  segment  III-IV-V 
to  be: 

Fa  =  —  K/i^^Tii"  I  cos  y        +\/rO^T(i'-  I  cos  y       J 

^    *"  J  -9«27'44'  J  -6*  23' 57* 


or 


Fa  =  — r\/l2'-h22  (sin  15^  5'  y'-hsin  9^  27'  44^^) 

^L    ^ 

+  \/l(P-h6*  (sin  15^  2'  l(r +  sin  6°  23'  br)\ 
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The  various  angles  may  be  best  found  from  their  tangent, 
which  follows  directly  from  the  figure.  For  the  first  angle  a 
we  have  for.  instance 

2 
tan  a  =  —  therefore 


a  -  9^  27'  4^" 
The  reactance  factor  is  found  from 

The  curves  in  Fig.  13  give  the  reactance  factor  for  two-phase 
and  three-phase  full-pitch  windings  in  terms  of  the  total  num- 
ber of  slots  per  pole. 

d.  Magnetization  factor.  In  practice  the  calculation  of  the 
magnetizing  current  for  the  running  motor  is  of  most  interest, 
therefore  the  current  factor  and  the  reactance  factor  may  be 
combined  to  one  factor 

which  may  be  called  the  magnetization  factor.  The  latter  is 
given  for  two-phase  and  three-phase  full-pitch  windings  by  the 
curves  of  Fig.   14. 

e.  Resultant  factor.  In  cases  where  the  magnetizing  current 
is  found  directly  from  the  impressed  voltage,  all  three  of  the 
factors,  kp,  kc,  and  kr,  may  be  combined  as  a  resultant  factor 

The  latter  is  given'  for  two-phase  and  three-phase  full-pitch 
windings  by  the  cur^'^es  of  Fig.  H. 

9.  Calculation  of  the  field  attd  its  magnetizing  current.  In 
practise  the  impressed  potential  is  known  as  a  rule,  and  the 
field  and  its  magnetizing  current  are  to  be  determined.  If 
Fj  is  the  required  sinusoidal  field  for  the  one  slot  per  pole  per 
phase  arrangement,  we  find  for  other  arrangements: 

a.  For  open-circuited  secondary: 

F 
The  equivalent  sinusoidal  field  Fn  —  -r-^ 
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The  average  of  the  time  values  of  the  actual  total  field 

kp 

b.  For  short-circuited  and  synchronously  rotating  secondary: 
The  equivalent  sinusoidal  as  well  as  the  actual  field 

If  /,  is  the  required  magnetizing  current  for  open-circuited 
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Fio.  14. — Magnetization  factor.  Fig.  15. — Resultant  factor. 

secondary  with  the  one  slot  per  pole  per  phase  arrangement, 
we  find  for  other  arrangements: 
a.  For  open  circuited  secondary: 


/n   = 


kpX  K 
b.  For  short-circuited  synchronously  rotating  secondary 


kpXkcXkr        k 
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10.  Magnetic  leakage.  The  diagrams  also  give  a  means  for  de- 
riving the  magnetic  leakage.  The  time  values  of  the  total  fluxes 
in  the  secondary  may  be  determined  similarly  to  the  time  values 
of  the  primary  flux,  by  finding  the  vectors  for  the  fluxes  in  the 
secondary  coils  and  drawing  circles  round  their  centres. 

Let  us  assume,  first,  that  the  secondary  has  the  same  number 
of  slots  as  the  primary,  and  that  the  secondary  is  in  a  position 


Fig.  16. — Field  diagrams  for  a  three-phase  motor  with  three  slots  per 

pole  per  pnase. 

in  which  the  sides  of  the  coil  coincide  with  those  of  the  primary. 
Then  of  course  the  secondary  fluxes  are  always  the  same  as  the 
primary  fluxes,  and  the  potentials  induced  in  the  secondary  are 
the  same  as  in  the  primary,  slot  and  end-connection  leakage 
being  neglected.  Therefore  the  curve  of  Fig.  8  represents  for  this 
case  the  primary  flux  as  well  as  the  secondary  flux;  that  is,  the 
leakage  flux  is  zero. 

The  rotor  may  now  be  shifted  so  that  the  sides  of  its  coil 
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are  located  in  the  middle  between  the  coil  sides  of  the  primary. 
The  field  vectors  of  the  secondary  are  then  represented  by  the 
dotted  lines  of  Fig.  17,  which  go  from  the  center  of  the  diagram 
to  the  middle  points  of  sides  of  the  polygon.  By  drawing  the 
circle  segments  around  the  centers  of  these  dotted  lines,  we 
obtain  the  inner  curve  shown,  Fig.  17,  which  represents  the 
time  values  of  the  total  secondary  flux.  The  difference  between 
the  outer  and  the  inner  curve  represents  the  leakage  flux  for 
the  rotor  position  under  consideration. 

In  Fig.  18  the  same  curves  are  shown  for  a  secondary  position 
between  that  of  Figs.  8  and  17.  The  three  figures  show  clearly 
the  change  of  the  leakage  field  with  the  secondary  position. 

In  Fig.  19  the  curves  for  the  fluxes  are  shown  for  a  rotor  in 


Pig.  17. — Diagram  showing  the  time  values  of  the  primary  and  secondary 
fields  and  the  leakage. 

a  position  like  that  of  Fig.  17,  the  number  of  secondary  slots 
being  reduced  to  half  their  former  number.  A  comparison  with 
Fig.  17  shows  at  once  how  the  leakage  has  increased  by  the  re- 
duction of  the  secondary  slots. 

Instead  of  determining  the  leakage  fluxes  as  the  difference  be- 
tween the  primary  and  secondary  fluxes,  the  zig-zag  and  belt 
leakage  fluxes  may  be  also  determined  directly  from  the  diagram 
of  the  teeth  fluxes.  The  slot  leakage  may  also  be  determined 
by  the  latter. 

11.  Comparison  between  two-phase  and  three-pliase  -fields.  It 
may  be  well  to  give  for  the  purpose  of  comparison,  a  diagrkm 
for  a  three-phase  winding.  Fig.  16  shows  the  diagram  for  the 
teeth  fluxes,  the  space  values,  and  the  time  values  of  the  total 
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fluxes  of  a  motor  with  three  slots  per  pole  per  phase,  that  is,  ap- 
proximately the  same  number  of  slots  per  pole  as  for  the  two-phase 
case  considered  before — nine  slots  per  pole  instead  of  eight. 
It  appears  at  once  from  the  diagram  that  the  three-phase  field 
approaches  the  ideal  condition  much  more  than  does  the  equiv- 
alent two-phase  field.     All  three  diagrams  given  in  Fig.  16  give 


Fig.  18 — Diagram  showing  the  time  Fig.  19 — Diagram  showing  the  time 
values  of  the  primary  and  second-  values  of  the  primary  and  second- 
ary fields  and  the  leakage.  ary  fields  and  the  leakage. 

curves  that  much  more  approximate  a  circle  than  the  curves 
for  the  two-phase  field.  The  superiority  of  the  three-phase 
field  also  appears  from  the  curves  of  Figs.  11  to  15. 

It  is  well  known  that  the  two-phase  field  requires  more  mag- 
netizing volt-amperes  than  the  equivalent  three-phase  field.  It 
may  also  be  shown  that  the  leakage  coefficient  of  the  two-phase 


-»Hto 


Fig.  20. 


field  is  larger  than  that  of  the  three-phase  field.  These  facts  are 
considered  by  every  designer,  and  result  in  the  well  known  differ- 
ences of  0.5  to  3  per  cent,  in  the  calculated  values  of  the  effi- 
ciency and  power-factor,  or  possibly  in  some  difference  in  the 
starting  torque  and  pull-out  torque  of  the  two  motor  types,  if 
they  are  designed  for  equal  power-factor. 


Digitized  by  VjOOQIC 


1908] 


HELLMUND:  THE  ROT  ATI  XG  FIELD 


1391 


The  comparison  of  the  above  diagrams  shows,  moreover, 
that  a  two-phase  motor  will  have  larger  reactive  currents  in 
the  secondary.  The  comparison  of  the  reactance  factors  shows 
that  the  amplitude  of  the  higher  harmonics  in  the  primary  is 
larger  in  the  two-phase  motor  than  in  the  three-phase  motor. 
Consequently  both  of  the  latter  phenomena  tend  to  reduce  the 
efficiency  of  the  two-phase  motor  more  than  that  of  the  three- 
phase  motor; 


Fig.  21. — Field  diagram  for  a  two-phase  motor  with  four  slots  per  pole 
per  phase  and  a  coil-throw  1  to  7. 

12.  Fractional  pitch.  The  diagrams  may  also  be  applied  to 
fractional  pitch  windings.  Fig.  20  shows  a  two-phase  winding 
with  four  slots  per  pole  per  phase  and  75  per  cent,  pitch.  Fig. 
21  gives  the  diagram  for  this  winding.  The  inner  small  polygon 
gives  the  individual  teeth  fluxes;  the  outer  polygon  gives  the 
space  values  of  the  field;  the  curve  consisting  of  segments  of 
circles  gives  the  time  values  of  the  total  field.     These  three 
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figures  are  derived  in  the  same  manner  as  that  previously  shown 
for  full-pitch  windings.  Since  in  the  case  of  fractional  pitch 
w'ndings  the  fluxes  interlinking  with  the  primary  coils  are  smaller 
than  the  total  primary  fluxes,  it  is  necessary  to  find  the  time 


3h  4btm  2a  5^ 


Fig,  22. — Field  diagram  for  a  two-phase  motor  with  four  slots  per  pole 
per  phase  and  a  coil-throw  1  to  5. 


Fig.  23. 

values  of  the  fluxes  interlinking  with  the  primary  coils  in  order 
to  find  the  potentials  induced  in  the  primary  coils.  These 
fluxes  arc  found  for  each  coil  by  adding  the  fluxes  of  the  teeth, 
surroimded  by  the  coil  imder  consideration.     The  primary  coil 
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fluxes  thus  obtained  are  shown  in  Fig.  21  by  the  vectors  la,  2a, 
etc.,  which  corresponds  to  the  coils  la,  2a,  etc.,  of  Fig.  20  re- 
spectively. The  various  factors  may  be  derived  in  the  same 
way  as  before  for  the  full-pitch  windings.  The  equivalent  sine 
field  is  represented  in  Fig.  21  by  the  circle. 

Figs.  22  and  23  give  the  same  slot  arrangement  as  before 
with  a  two-phase  50  per  cent,  pitch  winding. 

In  Fig.  24  the  diagrams  for  the  space  values  of  the  field  for 
all  pitches  for  two  phase  8  slots  per  pole  between  0  per  cent. 


/fot 


im 


Fig. 


24. — Diagram  showing  the  space  values  of  the  rotating  field  for 
various  pitches. 


and  100  per  cent,  are  shown.  The  numbers  given  indicate  the 
throw  of  the  coils,  for  which  the  various  polygons  apply.  It 
appears  that  the  full-pitch  polygon  throw  1  to  9  is  flattened  in 
a  direction  45  degrees  to  the  horizontal  and  vertical.  The 
same  applies  to  a  smaller  extent  for  the  87.5  per  cent,  pitch 
— throw  1  to  8 —  and  the  75  per  cent,  pitch — throw  1  to  7 — 
windings.  For  the  62.5  per  cent,  pitch — throw  1  to  6 —  winding 
the  polygon  is  closest  to  a  circle.  The  circle  is  shown  here  only 
for  comparison.     If  the  pitch  is  reduced  further,  the  polygons 
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become  flattened  in  the  vertical  and  horizontal  direction  and 
the  flattening  becomes  the  larger  the  more  the  pitch  is  reduced. 
This  means  that  by  reducing  the  coil  pitch  from  full  pitch,  the 
field  may  be  improved  to  a  certain  point;  it  will,  how- 
ever, become  worse  again  if  the  pitch  is  reduced  below  a 
certain  amount.  Without  delving  further,  it  may  be  safely  con- 
cluded that  for  the  75  and  02.5  per  cent,  pitches  the  secondary  re- 
active currents  and  the  higher  harmonics  in  the  primary  are  the 
smallest.  It  may  be  also  shown  that  the  leakage  coefficient  for 
this  pitch  is  reduced.  The  75  and  62.5  per  cent,  pitches  are  there- 
fore advantageous  in  various  respects  for  a  two-phase  winding  and 
8  slots  per  pole.  For  most  windings  it  will  be  found  that  the 
best  field  is  obtained  when  the  phases  overlap  one-half  to  one- 
third.  If  the  phases  overlap  entirely,  the  field  conditions  are 
not  any  better  than  for  full  pitch. 

13.  Dead  points.  It  is  well  known  that  the  starting  torque 
of  induction  motors  varies  with  the  rotor  position.  This  varia- 
tion is  due  to  the  variation  of  the  leakage  with  the  rotor 
position.  Since  the  diagrams  shown  in  Figs.  8,  17,  18,  and  19 
give  a  means  for  studying  the  variation  of  the  leakage  with  the 
rotor  position,  etc.,  they  also  give  a  means  for  studying  the 
question  of  the  varying  starting  torque. 

14.  Noise  in  induction  motors.  Although  little  can  be  said  with 
any  degree  of  certainty  about  motors  running  noisily,  it  is  al- 
most certain  that  the  reactive  currents  in  the  secondary  and 
the  higher  harmonics  in  the  primary  are  two  of  the  many  ftmda- 
mental  causes  of  noise.  Therefore  the  chances  for  noise  can  be 
reduced  by  keeping  the  amplitude  of  these  currents  as'low  as  pos- 
sible. In  this  respect  the  above  diagrams  show  that  three-phase 
motors  are  less  likely  to  be  noisy  than  two-phase  motors  with  a 
corresponding  pitch  and  number  of  slots.  From  Fig.  24  it  fol- 
lows that  the  chances  for  noisy  operation  may  be  greatly  reduced 
by  choosing  the  proper  pitch;  in  the  case  under  consideration 
the  pitches  are  75  and  62.5  per  cent. 

While  it  has  not  been  possible  to  treat  in  this  paper  the  vari- 
ous topics  much  in  detail  it  will  be  readily  seen  that  the  graph- 
ical method  before  outlined  will  answer  a  great  many  questions. 
Moreover,  the  graphical  treatment  always  has  the  advantage 
of  giving  a  clearer  conception  of  the  physical  facts  than  ana- 
lytical formulas.  The  analytical  treatment  is  rather  com- 
plicated and  requires  in  many  cases  too  much  time. 
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Discussion  on  "Graphical  Treatment  op  the  Rotating 
Field.  "    Atlantic  City,  N.  J.,  July  2.  1908. 

Comfort  A.  Adams:  This  is  not  an  easy  paper  to  discuss, 
for  although  it  presents  many  familiar  phenomena,  it  presents 
them  in  a  new  language  with  which  it  takes  time  to  become 
familiar.  It  is  a  very  good  kind  of  language,  however,  as  it 
assists  greatly  in  visual^ing  the  problem  in  hand.  This  is  of 
value,  not  only  to  the  begiimer  in  getting  a  picture  of  what 
goes  on,  but  to  the  man  who  has  to  make  the  calculations, 
because  when  he  can  see  the  problem  clearly  in  his  mind's  eye 
he  is  far  more  apt  to  get  accurate  and  reliable  results  from  his 
calculations. 

There  are,  of  course,  numerous  methods  of  attacking  any 
problem  of  this  kind,  with  similar  or  identical  results,  but  some 
methods  are  far  more  valuable  because  of  their  intimate  con- 
nection with  the  physical  side  of  the  subject  and  this  is  true 
of  the  one  presented  by  Mr.  Hellmtmd.  As  to  the  comparative 
value  of  this  method  for  the  calculation  of  leakage,  etc.,  I  am 
not  yet  able  to  give  an  opinion,  but  it  certainly  is  very  inter- 
esting and  throws  much  new  light  on  several  rather  troublesome 
problems  in  induction  motor  analysis. 

R.  £.  Hellmund:  In  regard  to  the  belt  leakage  phenomena, 
the  diagrams  lead  me  to  the  conclusion  that  matters  are 
more  complicated  than  I  had  previously  supposed.  It  occurred 
to  me  lately  that  the  latter,  tmlike  the  other  leakages,  depend 
not  only  upon  the  magnetic  dimensions,  number  of  turns,  etc. , 
of  the  motor,  but  also  varies  largely  with  the  secondary  resist- 
ance. The  belt  leakage  phenomena  depend  upon  the  current 
distribution  of  the  secondary,  and  the  secondary  current  dis- 
tribution in  turn  changes  with  the  secondary  resistance.  It 
may  be  shown,  for  instance,  that  in  a  squirrel-cage  secondary 
with  a  resistance  of  zero,  the  current  distribution  is  not  even 
approximately  sinusoidal  but  approaches  closely  to  that  of  the 
primary,  the  secondary  being  assumed  stationary.  In  this  case 
the  counter  magnetomotive  forces  of  the  secondary  are,  at  all 
parts  of  the  circumference,  equal  and  opposite  to  those  of 
the  primary.  Therefoie  the  belt  leakage  fluxes  cannot  exist. 
Assuming  the  other  extreme ;  that  is,  a  secondary  of  very  high 
resistance,  the  current  distribution  in  the  secondary  will  be 
approxin:iately  sinusoidal,  and  the  secondary  magnetomotive 
forces  are  no  longer  distributed  like  those  of  the  primary.  A 
certain  differential  action;  that  is,  belt  leakage  fluxes,  seems 
therefore  to  be  possible  in  this  case  at  certain  parts  of  the 
circumference.  It  will  be  of  little  value  to  discuss  these  ques- 
tions more  in  detail  at  this  time  since  I  have  not  yet  arrived 
at  definite  conclusions  as  to  their  practical  importance. 
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Discussion  on  **  A  Trigonometric  Method   for  the  Solu- 
tion OF  Alternating-Current  Problems."  Atlantic 
City,  N.  J.,  July  2,  1908 

Comfort  A.  Adams:  Eight  or  ten  years  ago  I  worked  out, 
for  the  purpose  of  transmission  line  calculations,  a  method 
which,  with  tables  and  curves,  was  an  almost  exact  equivalent 
of  Mr.  Pender's  method.  If  one  had  frequent  occasion  to  make 
transmission  line  calculations  these  tables  and  curves  would  be 
a  great  assistance,  but  for  infrequent  use  it  takes  longer  to 
become  familiar  with  the  method  than  to  solve  the  problem 
by  the  long  way. 

Moreover,  I  cannot  help  viewing  a  matter  of  this  sort  from 
the  standpoint  of  the  teacher,  and  from  that  standpoint  it 
seems  to  me  that  these  short-cut  methods  are  imdesirable  since 
they  do  not  bring  out  step  by  step  the  physical  meaning  of  the 
problem;  they  do  not  keep  one  reminded  of  exactly  what  one 
is  doing,  and  an  error  is  less  likely  to  be  detected.  The  natural 
method  has  proved  more  serviceable  in  my  own  work,  where  a 
given  type  of  problem  is  considered  occasionally,  and  I  think 
it  far  more  valuable  for  students.  However,  I  do  not  wish  to 
minimize  the  value  of  any  such  labor-saving  device,  as  it  has  a 
legitimate  field  where  it  serves  a  most  useful  purpose. 

W.  A.  Del  Mar  (by  letter):  The  treatment  of  alternating- 
current  problems  has  been  subject  to  rapid  evolution.  When 
Dr.  Steinmetz's  method  of  imaginary  quantities  appeared  it 
seemed  that  the  summit  of  development  in  that  line  had  been 
reached,  but  Mr.  Pender's  method  is  as  much  in  advance  of  the 
Steinmetz  method  as  the  latter  was  of  the  plain  vector  method 
which  preceded  it.  It  is  a  more  important  advance  than  that 
due  to  Steinmetz's  method,  because  it  places  the  solution  of 
alternating-current  problems  within  the  reach  of  those  of  very 
limited  mathematical  training. 

To  the  teachers  Mr.  Pender's  method  should  particularly 
commend  itself,  as  it  can  be  quickly  acquired  and  students  can 
be  taught  the  solution  of  alternating-current  problems  before 
they  reach  the  fairly  advanced  mathematics.  One  effect  of 
this  would  be  the  possibility  of  inculcating  elementary  ideas 
about  alternating  currents  before  the  professor  of  mathematics 
had  propounded  the  theory  of  vectors  and  imaginary  quantities. 

A  pieliminary  reading  of  the  new  method  gave  the  impression 
that  for  didactic  purposes  it  would  suffer  from  the  disadvantage 
of  not  offering  a  direct  physical  imderstanding  of  the  various 
operations.*  This  impression  soon  vanished,  however,  when  the 
ease  of  working  became  apparent,  for  the  observations  of  the 
writer  have  led  him  to  believe  that  only  a  small  poition  of  tech- 
nical graduates  understand  the  theory  of  alternating-current 
machinery  so  that  they  can  apply  it  to  the  solution  of  practical 
problems.  This  condition  arises  either  from  indifference  to 
mathematics,  or  from  the  ease  with  which  the  subject  is  for- 
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gotten  in  after  years.  The  simplicity  of  Dr.  Pender's  method 
overcomes  these  two  difficulties  in  an  admirable  way. 

The  writer  has  had  occasion  to  try  the  new  method  to  solve 
a  number  of  problems,  including  the  eddy-current  brake  and 
transmission  problems,  and  has  fo\md  the  application  extremely 
simple  in  every  case. 

L.  W.  Rosenthal  (by  letter) :  I  should  like  to  point  out  thi 
character  of  the  error  resulting  from  the  approximation  for  E^ 
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between  formulas  (17)  and  (18).  Denoting  the  power-factor 
angle  of  the  load  by  0  and  that  of  the  line  by  d,  the  error  will 
depend  on  (0  +  <f>)  for  leading  currents  and  on  (0  —  <f>)  for  lagging 
currents.  The  error  also  depends  on  the  per  cent,  voltage  loss. 
The  attached  curves  shgw  the  correction  which  must  be  applied 
to  the  approximate  values  of  D,  from  which  it  is  evident  that 
for  the  range  of  0  to  20  per  cent,  loss  the  approximation  is 
sufficiently  close  only  to  about  45°.     The  values  of  (0  —  ^)  for 
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various  wires,  frequencies,  and  lagging  power-factors  are  shown 
in  the  table  on  Pig.  1. 

As  an  extreme  case  of  the  possible  error,  suppose  in  the  first 
numerical  example  that  the  frequency  be  taken  at  125  cycles  per 
second,  the  power-factor  at  100  per  cent.,  and  the  load  reduced  to 
3500  kw.  in  order  to  obtain  about  the  same  voltage  loss.  The 
exact  formula  (17)  will  then  give  a  voltage  loss  of  21.8  per  cent., 
while  the  approximate  formula  (18)  shows  a  loss  of  12.8  per 
cent.  In  other  words,  the  **  approximate  value  *'  require^  a 
correction  of  70  per  cent.,  as  is  also  shown  by  the  curves  at  75** 
and  a  loss  of  18  per  cent,  of  the  generated  volts,  corresponding 
to  21.8  of  the  received  volts.  In  the  example  chosen  by  the 
author  (0  —  <f>)  equals  17**,  and  hence  the  error  is  small. 

Although  the  author  has  drawn  attention  to  the  increasing 
error  of  the  approximation  by  the  letters  a,  6,  and  c  in  Table 
III,  yet  it  would  have  been  better  to  omit  the  values  below  c, 
which  approximately  correspond  to  (0±<f>)  eqtials  40®.  It  seems, 
therefore,  that  for  high  frequencies  or  power-factors,  and  for 
large  wires  or  per  cent,  voltage  losses,  the  approximate  formulas 
(18)  may  give  erroneous  results.  They  should  not  be  used  in 
any  case  where  the  drop-factor  M  is  below  the  c  of  its  column. 
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THE  RELATIVE  PROPORTIONS  OF  COPPER  AND  IRON 
IN  ALTERNATORS 


BY  CARL  J.  PECHHBIMBR 

Many  radical  changes  have  accompanied  the  rapid  develop- 
ment of  alternating-current  generators.  In  the  early  days, 
when  alternators  were  designed  by  rule-of-thumb  methods,  the 
relative  proportion  of  copper  to  iron  was  high.  These  machines 
had  very  poor  inherent  regulation,  and  in  many  cases  failed  to 
give  the  voltage  for  which  they  were  designed.  These  **  copper 
machines  "  were  relatively  light,  and  were  considerably  cheaper 
than  the  **  iron  machines  "  which  succeeded  them.  The  iron 
machines,  though  much  heavier  and  more  expensive  than  their 
predecessors,  had  much  better  regulation.  Following  this,  the 
characteristics  of  alternators  were  more  carefully  studied  so 
that  the  designer  was  able  to  reduce  the  weight  and  again  ap- 
proach the  copper  machine.  Competition  between  the  various 
manufacturing  companies  made  it  necessary  for  their  engineers 
to  design  cheaper  machines,  resulting  in  a  compromise  between 
the  **  copper  ''  and  '*  iron  **  machines.  We  are  now  at  this 
period,  and  the  designer  is  to-day  confronted  with  the  question: 
what  shall  be  the  relative  proportions  of  copper  and  iron  in 
this  machine?  Doubtless  the  answer  is,  so  to  proportion  the 
iron  and  copper  as  to  obtain  the  cheapest  possible  machine. 

The  usual  method  of  carrjang  this  out  consists  in  designing 
a  number  of  machines  with  different  fluxes,  and  possibly  dif- 
ferent diameters,  and,  after  calcidating  the  weights  and  costs 
of  the  various  parts,  to  select  that  design  which  is  believed  to 
be  the  most  desirable.  This  method  requires  a  great  amount 
of  time,  and  is  very  laborious.  In  this  paper  the  writer  has 
endeavored  to  bring  out  a  method  which  will  enable  the  de- 

1429 


Digitized  by  VjOOQIC 


1430  FECHHEIMER:  ALTERNATORS  [July  L 

signer  to  determine,  after  a  few  substitutions,  what  value  of 
flux  to  employ  to  give  the  cheapest  machine.  He  has  made  no 
attempt  to  determine  mathematically  the  best  diameter  to  use; 
in  fact,  he  has  assumed  certain  simple  relations  involving  the 
diameter,  such  as  the  ratio  of  pole  axial  length  to  pole  pitch. 
However,  the  relations  are  such  that  the  designer,  ha\'ing  studied 
and  designed  a  number  of  machines  in  the  past,  can  readily 
decide  upon  the  best  values  to  use  for  these  constants. 

So  many  variables  enter  into  the  design  of  alternators  that 
it  has  been  essential  to  establish  definite  relations  between 
some  of  them  in  order  to  reduce  their  number.  Some  of  these 
relations  are  empirical,  in  which  case  the  evaluation  of  the  con- 
stants involved  in  the  empirical  equations  is  left  to  the  designer. 
Other  relations,  such  as  the  fundamental  equation  used  for  de- 
termining the  temperature  rise  of  the  armature  coils,  and  the 
relation  between  field  and  armature  ampere-turns  per  pole, 
are  combinations  of  fundamental  principles  with  empirical  con- 
stants. 

Briefly,  the  method  which  the  WTiter  has  pursued  in  this 
paper  is  as  follows:  Equations  are  derived  for  the  weights  of 
the  principal  parts  of  the  alternator,  the  weight  in  each  case 
being  expressed  as  some  factor  which  is  easily  determined, 
multipUed  by  some  power  of  the  flux  per  pole.  The  weight  of 
these  parts  is  then  multiplied  by  the  price  per  pound  of  material 
used  and  by  some  other  factor  to  allow  for  the  unavoidable 
scrap  material,  and  also  for  some  of  the  parts  not  included  in 
the  equations,  as  for  example,  the  stator  teeth  and  the  spider 
arms.  The  sum  of  these  costs  will  give  the  cost  of  the  material 
in  the  principal  parts  of  the  machine  in  terms  of  the  Caix,  We 
can  find  what  value  of  flux  to  employ  to  give  the  minimum  cost 
of  material  in  the  parts  considered  by  differentiating  the  equa- 
tion obtained  with  respect  to  the  flux,  equating  to  zero,  and 
solving  the  equation  for  the  flux.  Having  determined  the  flux, 
the  number  of  conductors  necessary  to  give  the  desired  electro- 
motive force  at  once  follows.  The  arrangement  of  these  con- 
ductors, the  diameter  £ind  length  of  the  machine,  the  dimen- 
sions of  the  field  conductor,  etc.,  are  left  to  the  judgment  of 
the  designer,  as  has  been  the  custom  in  the  past. 

The  method  is  intended  to  apply  to  revolving-field  alternators 
having  rectangular  poles.  It  is  quite  possible,  however,  to 
apply  the  method  to  machines  of  the  revolving-armature  type, 
although,  judging  from  present  indications,  this  type  of  ma- 
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chine  will  be  built  very  little  in  the  future.  The  round-pole 
machine  necessitates  so  large  a  diameter  that  the  cost  of  this 
type  of  machine  would  generally  be  much  greater  than  the 
rectangular  pole  machine,  even  though  there  would  be  a  con- 
^  siderable  saving  in  field  copper.  There  are  special  cases  in 
which  the  round-pole  machine  is  desirable,  and  in  such  cases 
it  would  be  possible  to  modify  the  equations  as  derived  by  the 
writer. 

The  cost  of  the  bases,  shafts,  bearings,  and  other  ''  dead  *' 
material  increases  somewhat  with  the  flux,  but  it  is  impossible 
to  consider  every  detail  in  determining  the  most  suitable  value 
of  flux  to  use.  The  labor  also  increases  somewhat  with  the 
flux.  As  this,  omitting  the  burden,  is  usually  much  smaller 
than  the  material,  it  has  been  neglected  in  the  method  which 
has  been  employed.  The  freight  also  increases  with  the  quan- 
tity of  flux  employed,  as  a  large  flux  machine  means  a  machine 
that  will  be  great  in  weight.  All  things  considered,  it  will  usu- 
ally be  best,  from  the  standpoint  of  cost,  to  select  a  value  for 
the  flux  which  will  be  slightly  less  than  that  given  by  means  of 
the  equations. 

If  we  were  to  employ  a  value  of  flux  as  given  by  the  equation 
for  the  cheapest  machine,  it  would  be  impossible  in  some  cases, 
with  our  present  methods  of  cooling,  to  prevent  an  excessive 
temperaturs.  rise,  as,  for  example,  in  some  of  the  small,  high- 
speed, 25-cycle  machines.  In  these,  the  fields  become  so  crowded 
near  the  bases  of  the  poles  that  it  is  very  difficult  to  put  suffi- 
cient copper  in  the  fields  to  keep  their  temperature  rise  within 
limits,  especially  when  the  machine  is  to  operate  at  low  power- 
factor.  In  such  cases,  the  best  we  can  do  is  to  approach  as 
near  to  the  copper  machine  as  possible.  In  a  few  other  cases 
there  are  limits  which  prevent  the  direct  application  of  the 
writer's  method. 

In  some  cases  it  is  possible  to  reduce  the  weight  below  the 
weight  of  the  cheapest  machine  as  determined  by  the  writer's 
method,  without  sacrificing  the  electrical  qualities  of  the  ma- 
chine. In  such  cases  it  may  be  advisable  to  build  the  lightest 
machine  rather  than  the  machine  which  will  be  the  cheapest 
for  the  factory  to  build,  especially  when  the  machine  is  to  go 
to  some  district  to  which  the  freight  rates  are  very  great. 

There  are  many  cases  in  which  it  is  desirable  to  employ  some 
other  means  of  procedure  than  that  brought  out  by  the  writer 
in  this  paper.    The  writer  believes  bis  method  to  be  especially 
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applicable  to  alternators  which  are  to  be  entirely  new  or  nearly 
so.  For  machines  in  which  a  large  niunber  of  old  parts  can  be 
used,  it  is  usually  best  to  make  use  of  them  rather  than  to  build 
an  entirely  new  machine  in  which  the  material  is  used  most 
economically. 

The  method  is  only  an  approximation,  but  is  believed  by 
the  writer  to  be  sufficiently  accurate  for  commercial  purposes; 
for  when  we  consider  the  variation  in  weight  of  yoke  castings 
made  from  the  same  pattern,  the  not  inconsiderable  difference 
in  temperature  rise  of  duplicate  machines,  and  the  wide  limits 
between  which  the  market  value  of  the  raw  material  fluctuates 
(copper  in  particular),  a  rough  approximation  is  doubtless  suffi- 
ciently accurate. 

As  previously  stated,  no  attempt  has  been  made  to  determine 
mathematically  the  best  diameter  and  axial  length  to  employ. 
Within  reasonable  limits,  a  decrease  in  diameter  (and  increase 
in  length)  usually  necessitates  an  increase  in  copper  and  a  re- 
duction in  iron  and  total  weight.  Conversely,  an  increase  in 
diameter  requires  an  increase  in  total  iron  and  a  reduction  in 
copper.  This  follows  from  the  well  known  facts  that  the  ven- 
tilation in  a  long  machine  is  poorer  than  in  a  short  machine; 
that  the  field  mean-turn  is  greater  in  the  former  than  in  the 
latter;  that  the  weight  of  the  yoke  and  spider  increase  more 
rapidly  with  an  increase  in  diameter  than  with  an  equivalent 
increase  in  length,  etc.  The  labor  is  usually  slightly  less  on 
the  machine  having  the  small  diameter.  The  freight  is  generally 
less  on  the  small  diameter  machine.  There  are  some  cases,  as 
in  engine^type,  CO-cycle  generators  of  small  output,  in  which 
the  machines  must  be  made  large  in  diameter  to  prevent  so 
small  a  pole  pitch  as  to  cause  the  field  to  become  too  crowded. 
On  the  other  hand,  the  diameter  is  often  limited  by  the  per- 
ipheral speed.  The  choice  of  diameter  and  length  of  machine 
depend  upon  the  judgment  of  the  designer. 

The  writer  appreciates  the  fact  that  a  mathematical  treatment 
of  this  kind  has  a  tendency  to  cause  the  designer  to  drift  away 
from  the  physical  conception  of  the  problem  in  hand.  The 
designer  can,  however,  check  up  his  calculations  roughly  as  he 
proceeds,  by  comparing  the  weight  of  each  part  with  the  weight 
of  corresponding  parts  of  machines  previously  built,  he  having 
assumed  an  approximate  value  for  the  flux.  He  can  further 
simplify  his  calculations  by  plotting  curves.  For  example,  he 
can  plot  ^  series  of  curves  to  aid  him  in  evaluating  /C*  in  equa- 
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tion  (42).  He  may  plot  K^  against  the  number  of  poles,  p, 
fixing  the  value  of  K"  K^^^  an(j  plotting  different  curves  for  dif- 
ferent values  of  Ba,  the  armature  core  density. 

Notation 

a  =  number  of  active  conductors  per  slot  =  niunber  of  conduc- 
tors per  slot  divided  by  number  of  parallel  circuits  in 
armature. 

A  ==  ampere  conductors  per  inch  of  armature  periphery,  full 
load. 

Ba     =  flux  density  in  armature  core  in  kilolines  per  sq.  in. 

S/.r.  =  flux  density  in  field  ring  in  kilolines  per  sq.  in. 

Br     =  flux  density  in  poles  in  kilolines  per  sq.  in. 

dj      =  outside  diameter  of  field  ring  in  inches. 

(i,      =  inside  diameter  of  field  ring  in  inches. 

jO       =  outside  diameter  of  armature  laminations,  in  inches. 

Z>,     =  inside  diameter  of  armature  laminations,  in  inches. 

E  =  alternating-current  electromotive  force  per  phase  or  per 
leg  if  star  connected. 

E'     =  direct-current  exciting  electromotive  force  per  pole. 

E^  =  equivalent  section  in  square  inches  of  one  active  arma- 
ture conductor = section  of  one  conductor  multiplied 
by  the  number  of  parallel  paths  in  armature. 

Ef     =  section  In  square  inches  of  field  conductor. 

H      =  radial  dimension  of  pole  including  head. 

la      =  alternating  current  amperes  per  leg  in  armature. 

//       ==  direct  current  amperes  excitation  on  full  field. 

k  =  distribution  factor  =  ratio  of  vector  to  algebraic  sum  of 
electromotive  forces  induced  in  armature  conductors 
in  one  leg. 

K      =  ratio  of  net  to  gross  iron  in  poles. 

AT'  =  ratio  of  field  ampere-turns  per  pole  required  for  full  field 
to  the  armature  ampere  conductors  per  pole  with  full 
load. 

iC"  =  ratio  of  W  to  A  fratio  of  tangential  dimension  of  pole 

to  axial  length  of  pole). 

K^ii  =  resistivity  in  micro-ohms  of  an  inch  cube  of  copper 
at  the  temperature  of  the  fields  when  hot  =.85 
approx. 

iCiv  -=  ratio  of  pole  length  X  to  pole  pitch  t 

„^  3130  K"'  o    (K^^ +iyr  Pa  K'T 

"'    KBrPf  /C"     L  *'-'   J 
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K^^  «  factor  by  which  the  product  of  amperes  per  square 

inch  and  ampere  conductors  per  inch  should  be 
divided  to  fiive  the  temperature  rise  in  degrees 
centigrade  of  armature  coils. 

K^^  =  ratio  of  length  of  armature  end  connections  per  coil 

to  pole  pitch. 

Kyin       =  32Zxl(f(2Kry+Kyu) F  Pg  1' 
pTRy^  l^  kj 

K^T  =:  ratio  of  net  iron  in  armature  to  axial  length  of  pole  X, 

^,  _  22,000     iKK^iB^/      1  0.G36/XT     \ 

Ba     \       10  a    XBaK^'^'^KK^iK^y  bJ 

K^i         =r  coefficient  used  for  determining  weight  of  yoke= 

\  K"lK  K"  K"  BrK^^  bJ 

K^ni       =  ratio  of  pole  radial  heighth  H,  to  square  root  of  pole 

waist  W. 
K''^        '^  1580 pK""(K"/K)i  {a/ B,.)i 

A-xv  4450 g^    Ik  K"B,  (  po  1-57  a'\ 

°  ■B/.r.V O \KK^^K^-B,  Bf.rJ 


K...     .!2-K....  (i^i) 


4900^' 

Bf,r, 


{M,T,)a  =.mean  length  of  turn,  in  inches,  of  armature  coil. 

(M.T,)f  =  mean  length  of  turn,  in  inches,  of  field  coil. 

N  =  nimiber  of  field  turns  per  pole. 

n  =  number  of  phases. 

p  =  number  of  poles. 

pa  =  price,  in  dollars  per  pound,  of  armature  copper,  including 
transportation,  etc. 

pai  =  price,  in  dollars  per  pound,  of  armature  active  iron,  in- 
cluding transportation,  etc. 

pf  =  price,  in  dollars  per  pound,  of  field  copper,  including 
transportation,  etc. 
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pi.r.  =  price,  in  dollars  per  pound,  of  field  ring  material,  includ- 
ing transportation,  etc. 

pT  =  price,  in  dollars  per  pound,  cf  pole  iron,  including  trans- 
portation, etc. 

py  =  price,  in  dollars  per  pound,  of  yoke  iron,  including  trans- 
portation, etc. 

Pa     *=  rated  kilovolt-ampere  output  of  alternator.' 

Pf     =  kilowatts  excitation  required  for  full  field  on  alternator. 

5       =  number  of  stator  slots  per  phase  per  pole. 

5o     =  cost  of  armature  copper  in  dollars. 

Sai    =  cost  of  armature  active  iron  in  dollars. 

Sf      =  cost  of  field  copper  in  dollars. 

Sfn  «=  cost  of  material  for  principal  parts  of  alternator  in 
dollars. 

Sf,r.  =  cost  of  field  ring  in  dollars. 

5p  •  =  cost  of  poles  in  dollars. 

Sy     =  cost  of  yoke  in  dollars. 

T       =  temperature  rise  in  degrees  centigrade,  of  armature  coils. 

W     =  pole  waist,  or  tangential  dimension  of  pole. 

Wa    =  weight  in  pounds  of  armature  copper. 

Wat  —  weight  in  potmds  of  armature  active  iron. 

Wf    =  weight  in  poimds  of  field  copper. 

\Vf.r.=  weight  in  pounds  of  field  ring. 

U'p    =  weight  in  pounds  of  poles. 

]Vy    =  weight  in  pounds  of  yoke. 

X      =  full  field  ampere-turns  per  pole. 

Greek  Letters 
a.  ==pfKy 

a,  =  pa  /f  ^'"» 

a,  =  PaiK^  +  pf.r.K^^ 

a*  =  py  iC^" 

ttj  =  p^K^^^-pf.f.K^^^ 

A  =  current  density  in   armature   copper,   amperes  per 

square  inch 

X  =»  length  of  pole  parallel  to  shaft. 

,    ,     ,  -    ^  flux  in  one  pole 

a  =  pole  leakage  factor  =  — t-t-^ ■ ?— 

^  °  useful  flux  per  pole. 

a'  =  field  ring  leakage  factor. 

T  =  pole  pitch  in  inches. 

'<^  =  flux  in  megalines  per  pole. 

^  =  frequency,  cycles  per  second. 
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PFeight  and  Cost  op  Material  Required  for  Alternators. 

Field  Copper 
Wc  have  the  following  well-known  fiindamental  equations: 

^  =  '2.22  a  S'-^rjk  ^^^ 

.    .      A  =  ^-^  (2) 

Combining  the  above  equations,  we  have: 

lOOE/gn        ^  W  XBj.K 
^        2.22pk^~AT  Wo  .  ^^ 

The  ratio  of  the  field  amperc-tums  per  pole  required  for  full 
field  to  the  armature  ampere  conductors  per  pole  is  fixed, 
within  reasonable  limits,  by  the  regulatioxi  required  of  the  alter- 
nator, the  power-factor  of  the  circuit,  the  amount  of  overload 
required  of  the  generator,  and  the  manner  in  which  the  mag- 
netic circuit  is  proportioned;  it  being  understood  that  the  alter- 
nator is  to  give  its  normal  voltage  when  operating  at  the  proper 
frequency  and  subjected  to  the  specified  overload  at  the  power- 
factor  of  the  circuit.  This  ratio  varies  from  1  to  2.2  in  poly- 
phase machines,  depending  upon  the  factors  given  above,  and 
in  accordance  with  guarantees  required  by  consulting  engineers 
at  the  present  time.     Calling  this  ratio  K',  we  have: 

X  ^  K'Az  (5) 

Combining  (4)  and  (5), 

^,  ^        WE  la  n  K'  a 


2,22pk^  W  XB^K 
But  Elafi  ^  10*  Pa  (6) 

Therefore.  WP^K^g 

2.22pk^  W  XBpK  ^^^ 

The  following  equations  are  well  known: 

_  K"'  X  (M.T.), 
Ff ICE'—  ^^> 

*-  Wf  0.318  {M.T.)f  N.  p  Ff  (9) 
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And  the  followiiig  is  sufficiently  accurate  for  the  present  es- 
timate, when  the  poles  are  rectangular  in  section: 

(Af.r.)/  =  2.2(W^+>1)  (10) 

Combining  (8),  (9)  and  (10), 

'"  10"£'  ^    ^ 

The  designer  will  know  approximately  at  the  start  what  the 
ratio  of  the  tangential  dimension,  W,  of  the  pole,  to  the  axial 
length  of  the  pole,  will  be.  This  ratio  varies  from  1  in  high 
speed  25  cycle  machines  to  4.0  in  slow  speed  60  cycle  generators, 
(falling  this  ratio  if",  we  have 

PT  =  AT"  ^  (12) 

The  amperes  excitation  on  full  field  is: 

Combining  (11),  (12)  and  (13), 

Combining  (7)  and  (14), 
Wf  {IfE'p)  =  31.3 /f'"  (/C"+l)=  k^  10»  i^^—^^J^^^    (15) 

But  IfE'  p  =  WPf  (i6) 

and  from  (3), 

W  XBpK  =  10»(j^  (17) 

The  designer  will  recognize  the  fact  that  the  ratio  of  pole 
length  to  pole  pitch  is  very  nearly  fixed,  varying  from  .5  in 
high  speed  25  cycle  machines  to  2  in  slow  speed  60  cycle  machines. 
Calling  this  ratio  /f '^,  we  have 

X^K^^T  (18) 
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Combining  (12)  and  (18), 

W  =  K^^K^x  (19) 

Combining  (3),  (18)  and  (19), 


Combining  (15),  (16),  (17)  and  (20), 


53130  JC'"  ry  (K"-f-lV    r 


--  Aj'J  |<^ 


Equation  (21)  illustrates  a  condition  with  which  designers 
are  familiar;  that  is,  without  sacrificing  the  good  qualities  of  the 
generator,  the  excitation  can  be  reduced  only  at  the  expense 
of  field  copper;  and  if  we  approach  a  copper  machine  by  decreas- 
ing the  flux,  it  results  in  a  proportional  increase  in  weight  of 
field  copper  for  a  given  excitation. 

It  is  usually  known  at  the  start  what  full  field  excitation  to 
allow,  this  being  limited  in  some  cases  by  heating;  while  in 
other  cases  it  is  necessary  to  reduce  the  excitation  to  prevent 
its  becoming  too  large  a  percentage  of  the  output  of  the  alter- 
nator. As  typical  examples  of  the  first  class,  we  have  the 
moderate  and  high  speed  25  cycle  alternators  up  to  about  500  kw. 
output,  in  which  the  output  of  the  machine  must  be  reduced 
to  prevent  excessive  field  heating  when  operating  at  low 
power  factors.  As  examples  of  the  second  class  we  have  fairly 
large  (1000  kw.  or  over)  engine-type,  60-cycle  generators,  the 
field  heating  of  which  seldom  exceeds  40  degrees  rise  wlien 
operating  on  full  field,  the  single  layer  edge-wound  field  being 
used  in  both  cases.*  Therefore,  the  designer,  knowing  the  full 
field  excitation  in  kilowatts  at  the  start  (having  made  a  study 
of  the  limiting  conditions),  will  know  the  value  of  all  of  the 
quantities  in  equation  (21),  except  the  flux  ff>  and  the  weight  of 
field  copper  Wj.     Hence, 


__   )3130/r"'<y  (i^"-h  1)^  rPg  K^^l  1 


(22) 


♦  A  means  of  determining  that  value  to  assign  to  the  excitation,  which 
will  make  the  cost  of  the  entire  equipment  a  minimum,  is  gl\en  in  the 
appendix. 
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And  Wf^K^^  (23) 

9 

Where  K''  is  the  expression  in  the  brace  in  equation  (22). 
If  pf  represent  the  price  in  dollars  of  one  pound  of  field  copper, 
the  total  cost  of  field  copper  for  the  alternator  is: 

Sf^PfK^j  (24) 

Armature  Copper. 

The  weight  of  copper  required  for  the  armature  of  an 
alternator  depends  primarily  upon  the  temperature  rise  per 
watt  loss  per  square  inch  of  radiating  surface.  The  loss 
is  not  only  affected  by  the  core  loss  and  copper  loss  due  to 
the  resistance  of  the  copper,  but  also  by  the  eddy-current  loss 
in  the  copper.  The  core  loss  differs  considerably  in  duplicate 
machines,  due  chiefly  to  variation  in  material.  All  revolving- 
field  alternators  depend  for  the  cooling  of  their  armatures  upon 
the  air  thrown  into  the  stator  by  the  rotating  element.  It  fre- 
quently happens  that  this  air  is  not  imiformly  distributed  over 
the  surface  of  the  armature,  causing  a  greater  cooling  at  one 
side  than  at  the  other  side  of  the  armature,  resulting  in  a  greater 
elevation  in  temperature  in  one  part  of  the  armature  than  in 
another.  The  designer  must  allow  for  the  maximum  elevation 
in  temperature.  With  the  inconsistent  data  obtained  from 
heat  runs  on  a  large  number  of  machines,  it  is  next  to 
impossible  to  obtain  any  reliable  means  of  predetermining 
the  temperature  rise  within  a  few  per  cent.  The  best  that 
can  be  done  is  to  obtain  a  rough  approximation.  Machines 
having  the  same  quantity  of  air  thrown  upon  each  square  inch 
of  stator  surface  per  unit  of  time,  and  when  worked  at  the  same 
magnetic  densities  in  the  stator,  will,  when  operated  on  open 
circuit,  have  approximately  the  same  elevation  on  the  stator 
iron.  It  is  therefore  reasonable  that  the  incremental  heating 
due  to  the  copper  loss  be  alone  considered. 

It  may  be  easily  shown  that  the  watts  copper  loss  (due  to 
resistance  only)  per  square  inch  of  surface  is  proportional  to 
the  product  of  ampere-conductors  per  inch  and  the  current 
density  in  the  armature  conductor  (in  amperes  per  square  inch). 
The  surface  is  taken  as  the  cylindrical  surface  of  the  armature 
iron  plus  the  surface  of  the  end-connections.  Hence,  we  may 
write: 

r  =  M  (25) 
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T  is  the  temperature  rise  in  degrees  centigrade,  A  the  ampere 
conductors  per  inch,  and  A  the  density  in  amperes  per  square 
inch.  K^^  varies  in  values  from  1.8X10*  in  poorly  ventilated, 
or  slow  speed,  high  voltage  machines  to  9x10*  in  low- voltage, 
well  ventilated  machines,  not  having  appreciable  eddy  current 
loss  in  the  conductors.  These  values  of  K^^  are  consistent  with 
modem  practice  in  methods  employed  in  cooling  the  stators 
of  revolving  field  alternators.  If  at  some  future  time  the  meth- 
ods of  cooUng  are  improved,  /C ^i  should  be  modified  accordingly. 

Since  ^  =  fe,  (26) 

where  /a  =  alternating  current  amperes  per  leg,  and  Fa  =  section 
of  one  active  armature  conductor,  we  have,  by  combining  with 
(2)  and  (25), 

TF  K'f^T 


The  weight  of  armature  copper  in  pounds  is: 

Wa  =  .318  (M.r.)a Faa^  np  (28) 

The  mean  length  of  turn  is  given  by: 

{M.T.)a  =  2>l  +  /Cv"T  (29) 

/?^vii  has  a  value  of  about  4.2  for  2  or  3  phase  chain  windings 
and  about  3.6  for  full  pitch  double  layer  windings.  It  is  some- 
what greater  than  4.2  for  chain  windings  intended  for  high 
voltage  machines;  and  for  short  pitch  double  layer  windings, 
it  should  be  correspondingly  reduced. 

Combining  (27).  (28),  (29)  and  (18), 

^^^      |-J^9i2^v.,jv„)r  (30) 

Eliminating  aS  between  (1)  and  (27), 

-      _      100  EIa*n     .      1_  .g,^ 

*''^  ~  2.22  p~k  TK^*    '4> 
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Combining  (30),  (31)  and  (6), 


2  , 


^-- v^^'^'^m^ m\w    "^' 


And  1^^  =  if  villi  (33) 

<P 

where  /Cvm  is  the  expression  in  the  brace  in  equation  (32). 

This  equation  illustrates  how  rapidly  the  cost  of  copper  in- 
creases as  the  flux  is  reduced  and  we  approach  a  '*  copper  *' 
machine. 

If  pa  represent,  in  dollars  per  pound,  the  price  of  copper  used 
in  the  armature,  then  the  cost  of  armature  copper  is: 

Sa^PaK^i^';^  (34) 

The  value  of  /f^"'  should  be  increased  by  about  5  to  15  per 
cent,  to  allow  for  scrap. 

Armaturb  Activb  Iron. 

In  punching  the  laminations  for  the  armature  there 
is  always  an  imavoidable  amount  of  scrap,  varying  from 
25  to  60  per  cent.  This  scrap,  or  at  least  a  portion  of  it^ 
should  be  charged  up  to  the  cost  of  the  material  required. 
It  complicates  the  equations  considerably,  to  bring  in 
the  iron  in  the  teeth,  while  it  is  not  very  difficult  to  form  an 
equation  considering  only  the  iron  behind  the  teeth.  As  it  is 
necessary  to  add  a  percentage  for  the  scrap  material,  it  is  easy 
to  increase  this  percentage  so  as  to  include  the  iron  in  the  teeth. 
This  is  the  method  pursued,  no  attempt  being  made  in  the  equa- 
tions to  find  to  what  extent  the  weight  of  the  teeth  is  affected 
by  the  flux. 

Neglecting  the  fact  that  the  diameter  of  the  armature  is  not 
exactly  the  same  at  the  bore  as  at  the  tooth  roots,  we  have 

Wai-0.28  (!>.»- !>,»)  ^  iC«  ;=0.22  {D,-D,)  {D,  +  D,)  K^^  i 

(35) 

Since  we  are  considering  only  that  portion  of  the  armature 
active  iron  through  which  the  flux  passes  after  emerging  from 
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the  teeth,  the  depth  of  the  armature  punching  is  J  (Dj  — D,). 
If  Ba  represent  the  flux  density  in  the  armature  behind  the 
teeth,  in  kiloUnes  per  square  inch,  we  have: 


Whence,  jqs^ 

(^■-^'>=7W  (37) 

Also 

D,+D,)  =  (£>.-£»,)  + 2  £»,  =   /^^„+2P.  (38) 


But  '^«  =  "T"  ^^®^ 

Combining  (18)  and  (39), 

Combining  (35),  (37),  (38)  and  (40), 

Substituting  for  X  from  equation  (20), 
...  ( 22000      JWTbT  (      1       .        .636 />^     \ )   .«  , .^, 

And  Pyai  -  ii^^  0*  (43) 

where  /f^  is  the  expression  in  the  brace  in  equation  (42). 

The  weight  of  armature  active  iron  as  expressed  in  (42),  should, 
of  course,  be  multiplied  by  a  factor  to  allow  for  the  weight  of 
teeth  and  unavoidable  scrap  previously  referred  to.  If  pai 
represent  the  price,  in  dollars  per  pound,  of  the  iron  used  in 
the  armature,  then  the  cost  of  armature  iron  Sax  will  be: 

Sai-^paiK-<t>^  (44) 
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Even  in  the  so-called  **  copper  machine."  the  cost  of  arma- 
ture active  iron  is  usually  as  great  as  that  of  the  armature  cop- 
per, and  in  most  cases  is  slightly  greater.  As  we  depart  from 
the  **  copper  machine  **  and  approach  the  **  iron  machine," 
the  armature  active  iron  increases  very  rapidly,  as  shown  by 
the  above  equation;  and  this  partially  accounts  for  the  fact 
that  the  '*  iron  machine  "  compares  unfavorably  in  cost  with 
the  **  copper  machine  ". 

The  Yoke. 
Although  the  mechanical  design  of  alternator  yokes  has 
undergone  many  changes,  the  writer  has  been  able,  by  com- 
paring the  weights  of  consistently  designed  yokes,  to  obtain  an 
equation  which  will  give  the  weight  within  about  15  per  cent. 
The  yokes  considered  for  obtaining  the  equation  belonged  to  a 
line  of  alternators,  the  bores  of  which  were  from  25  to  250  inches, 
and  whose  pole  lengths  were  from  6  to  20  inches.  They  were 
all  of  modem,  open  type,  and  ^^'*  material  used  in  them  was 
cast  iron.     The  equation  is: 

Wy^  K"D,iX^  (45) 

Wy  is  the  weight  of  the  yoke  ir.  pounds,  D,  the  outside  diam- 
eter of  the  stator  laminations  in  inches,  X  the  length  of  pole 
parallel  to  the  shaft,  and  K^^  a  coefficient  whose  value  lies 
between  1.2  and  3,  the  exact  value  depending  upon  the  design 
adopted.  K^^  had  nearly  the  same  value  for  the  yokes  consid- 
ered for  obtaining  the  equation.  The  extreme  values  are  for 
yokes  which  were  very  light  or  very  heavy  . 

From  equations  (37),  (39)  and  (18)  we  have 

P.  =  D.+  (D.-P.)=^+^f|^  (46) 

Hence 

In  expanding  the  above  binomial,. it  is  unnecessary  for  our 
purposes  to  consider  more  than  two  terms  in  the  series;  since, 
except  for  very  small  diameter  machines,  the  first  term  in  the 
binomial  is  considerably  greater  than  the  second;  and  secondly, 
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the  fourth  term  of  the  series  is  negative  and  nearly  cancels  the 
positive  third,  the  negative  sixth  tenn  nearly  cancels  the  posi- 
tive fifth,  etc.     We  have  then,  after  expanding, 

Substituting  for  X  from  (20)  and  simplifying, 

And  Wy  =  /C  *"  (f)  (50) 

where  AT'^"  is  the  expression  in  the  brace  in  (49). 

If  py  represent  the  price  of  material  used  in  the  yoke  in 
dollars  per  pound,  and  Sy  the  cost  of  material  required  for  the 
yoke,  then 

Sy  =  pyK^^^<j>  (51) 

In  order  to  allow  for  the  errors  introduced  by  neglecting  the 
depth  of  the  stator  teeth,  and  by  discarding  all  but  the  first 
two  terms  in  the  series  after  expanding  the  binominal,  the  value 
of  iC*"  should  be  increased  by  about  15  per  cent. 

Poles. 
The  radial  height,  //,  of  the  pole  evidently  must  depend 
upon  the  number  of  ampere  turns  required  on  full  field. 
As  previously  pointed  out,  the  full  field  ampere  turns  are  pro- 
portional to  the  armature  ampere-conductors  per  pole,  and 
these  latter  are  equal  to  the  product  of  the  pole  pitch  and 
ampere  conductors  per  inch  (see  equation  5).  Since  the  pole 
waist,  W,  must  also  be  nearly  proportional  to  the  pole  pitch, 
H  should  increase  in  some  definite  relation  with  W.  Comparing 
the  dimensions  of  a  large  number  of  poles  for  consistently  de- 
signed alternators  having  single  layer  edge-wound  fields,  the 
writer  has  found  the  following  relation  to  hold : 

H  =  AT'^"'  y/w  (52) 

/C*"'  lies  between  2.5  and  4.5,  depending  upon  the  number 
of  ampere  conductors  per  inch;  and  the  designer  who  has  the 
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data  of  a  large  number  of  alternators  at  his  command,  caii 
readily  determine  the  best  value  for  this  coefficient.  H  includes 
the  radial  dimension  of  the  pole  head,  the  projections  of  which 
are  used  for  holding  the  field  copper  in  place  when  the  alternator 
is  in  operation;  it  does  not  include  the  radial  dimension  of  the 
dove-tail,  if  dove-tails  be  used  for  fastening  the  poles  to  the 
field  ring.  If  the  projections  of  the  pole  head  be  neglected  in 
comparison  with  the  remainder  of  the  pole,  we  may  write  as 
the  weight  Wp  of  the  poles  in  pounds: 

Wr,^Q,2%pWKXH  (53) 

Substituting  for  W  from  (12),  for  H  from  (52)  and  for  k  from 
(20),  we  have: 

W^P  =    I  1580  p  /fxin  ^^y  (±y  I  ^i  (54) 

And  Wv  =  K^'^  4>T  (55) 

where  /f^'^  js  the  expression  in  the  brace  in  (54). 

Representing  by  py  the  price,  in  dollars  per  pound,  of  the 
iron  used  in  the  poles,  and  by  Sp  the  cost  of  material  for  the 
poles,  we  have: 

Sp  =  p^  /C^»v  0f  (56) 

K^^'f  should  be  increased  by  some  percentage  to  allow  for 
the  pole  tips  (which  were  neglected  in  the  derivation  of  the 
equation),  and  for  the  scrap  material. 

Field  Ring. 

In  the  following  derivation,  it  is  assumed  that  if  the 
field  ring  be  made  sufficiently  large  to  carry  the  flux 
(allowing  for  poor  material,  blow  holes,  etc.),  it  will  be  large 
enough  for  mechanical  purposes.  This  is  usually  the  case,  al- 
though it  occasionally  happens  that  it  is  necessary  to  make  the 
field  ring  heavier  for  mechanical  reasons  than  would  be  de- 
manded for  electrical  purposes. 

Considering  the  field  ring  to  be  solid  and  of  the  same  axial 
length  as  the  pole,  we  have  as  its  weight: 

Wf.f.  =  .28Xy  ^  (di'-d.')  -  -22  >l  (d,  -d.)  (d.  +  dj  (57) 
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Bttt 

And  (d. + d.)  =  2  d.  -  (d.  -  d.)  (59) 

From  (39)  and  (52) 

d,  -Z),-2//  =  -^-2 K"" y/w  (60) 

Combining  (12),  (18),  (59)  and  (60), 
Substituting  (58)  and  (61)  in  (57) 
Substituting  for  X  from  (20), 


And  W^/.r.  =  A:«v  ^*  -  /C«v«  ^^  (54) 

where  K^'^  and  K"*^'  are  respectively  the  first  and  second  ex- 
pressions in  braces  in  (63). 

Representing  by  pf.r,  the  price  in  dollars  per  pound  of  the 
field  ring  material,  and  by  5/.r.  the  cost  of  the  field  ring,  we 
have  I 

Sf.r.  =  Pf,r.  K^^  <t>*  -  pf.r.  K^^'  <t>^  (65) 

K^'^  and  K^^  should  be  increased  by  some  percentage  to  allow 
for  the  spider  arms,  the  weight  of  which  will  depend  somewhat 
upon  the  flux. 
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Collection  of  Terms  for  the  Final  Equation. 
Summing  up  the  costs  of  material  required  for  the  principal 
parts  of  the  alternator,  we  have 

S«  =  Sf+Sa  +  Sai  +  Sy+Sp  +  Sf.r.  (66) 

-  pf  ATv  i-+  Pa  K^'"'  4+  pai  K^  <P'  +  py  K^''  <f>+pp  K^'""  4>^ 

+  pf.r.  K^""  <l>*  -  Pf.r.  K^""^  (f>^  (67) 

Each  of  the  terms  in  the  right-hand  member  of  equation  (67) 
should  be  multiplied  by  some  factor  to  allow  for  the  imavoid- 
able  scrap  and  for  parts  which  are  not  allowed  for  in  the 
equation,  such  as  the  stator  teeth,  the  pole  tips,  the  spider 
arms,  etc. 

Rewriting  equation  (67),  we  have: 

+  (p,  K^^^  -  pf.r.  iC^vi)  ^i  (68) 

Or 

S„i  «  ttj-^+a  ^  +  a.^  ^-a^^  +  a^f^  (69) 

where  a„  a„  etc.,  are  respectively  pf.K'f,  paK^^^^,  etc. 
Differentiating  equation  (69)  with  respect  to  0,  we  have: 

Sm  will   be    a    minimum    when  -j-T  =   0;    hence,    after 

a  <p 

clearing  we  have: 

^a,4>Ka,<f>'+-ja,<f>'^  -a,<f>-2o^=^0  (71) 

This  equation  is  of  such  high  degree  that,  as  well  as  the 
writer  has  been  able  to  determine,  it  can  be  solved  only  by 
trial.  However,  after  having  determined  the  values  of  the 
various  constants,  the  writer  has  been  able  to  find  that  value  of 
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<f>  which  will  satisfy  the  equation  in  two  or  three  trials,  requiring 
from  three  to  five  minutes.  Equation  (71)  is  used  in  deter- 
mining that  value  of  flux  to  employ  to  obtain  the  most  eco- 
nomical use  of  material.  The  algebraic  values  of  the  constants 
occurring  in  equation  (71)  will  be  found  in  the  notation. 

Example  of  the  Application  of  the   Writer's  Method. 

Design  of  an  800-kw.  at  85%  power-factor,  480  volts,  three- 
phase,  60-cycle,  360  rev.  per  min.  alternator  to  meet  the  fol- 
lowing specifications: 

Regulation,  Rise  in  voltage  with  800-kw.  load,  100%  power- 
factor  shall  not  exceed  8%  above  normal,  speed  and  excitation 
remaining  constant.  Rise  in  voltage  with  800-kw.  load,  at 
85%  power-factor,  shall  not  exceed  22%  above  normal,  speed 
and  excitation  remaining  constant. 

Heating.  After  operating  for  24  hours  with  800  kw.  load  at 
85%  power-factor,  the  temperature  rise  shall  not  exceed  35° 
cent,  in  any  part.  After  operating  for  two  hours  following  the 
full-load  run,  with  a  load  25%  above  full  load  at  85%  power- 
factor,  the  temperature  rise  shall  not  exceed  45°  cent,  in  any  part. 

Efficiency.  With  85%  power-factor,  the  generator  will  have 
an  efficiency  not  less  than  93.5%  at  full  load;  92.2%  at  0.75 
load;  89.5%  at  0.50  load.  Friction  and  windage  to  be  included 
in  the  losses. 

Excitation.  The  excitation  will  be  at  120  volts.  The  excita- 
tion will  not  exceed  125  amperes  when  the  generator  yields  its 
full  load  at  100%  power-factor;  the  excitation  will  not  exceed 
180  amperes  when  the  generator  yields  its  full  load  in  kilowatts 
at  85%  power-factor. 

The  generator  is  to  be  capable  of  delivering  its  normal  voltage 
of  480  when  operated  at  25%  overload  in  kilowatts  at  85% 
power-factor. 

The  generator  must  be  able  to  stand  an  overspeed  of  50%. 

In  accordance  with  the  above  specifications,  the  generator 
will  have  an  output  of  942  kilovolt-amperes,  and  will  have  20 
poles.  We  shall  assume  that  if  the  field  ring  be  made  of  cast 
steel,  and  large  enough  to  carry  the  flux,  it  will  be  sufficiently 
strong  to  stand  the  50%  overspeed.  This  will  be  checked 
after  the  machine  is  designed. 

As  the  voltage  is  low,  the  armature  conductor  will  be  large, 
and  there  will  be  an  eddy-current  loss  in  the  copper.  We  shall 
therefore  take  iC^i- 3.5X10*,  and  7  =  30°,  allowing  a  margin 
of  5  degrees. 


Digitized  by  VjOOQIC 


1908J  FECHHEIMER:  ALTERNATORS  1449 

The  alternator  must  have  sufficient  field  margin  to  give  its 
voltage  with  25%  overload  in  kilowatts  at  85%  power-factor. 
We  shall,  therefore,  take  iC'=1.8.  We  shall  assume  23.5  kw. 
excitation  on  full  field,  this  being  2.5%  of  the  output  of  the  alter- 
nator.    We  shall  then  be  able  to  meet  the  excitation  guarantees. 

We  shall  assume  the  following  values  for  the  quantities  in 
the  equations: 

Ba=33;5/.,.  =  63;Bp  =  97;;fe=.96;/C^.92;A:'=1.8;A:"=^.45; 
i<:«"  =  .85;  A:«v=  1 ;  ifvi  =  3.5x  10^  A:v,i  =  3.7;  i;j:,x  =  .81 ; /<:xi=  1  9; 

K^in^Z.b\  p=20\  pa  =  -2S\  /?a»=.037;  p/=.2;  /?^,.  =  .036; /?p  = 
.028;  py=.025]  Pa  =  942;  P/=23.5;  T  =  30;  (t=1.2;  <t'=1.28; 
-  =  60. 

Substituting  the  above  values,  we  obtain  the  following: 

ATv^eSOO;  K'v»"  =  23,000;  A:^  =  510;  A:^"=1180;  K^^'^^SSO; 

We  shall  increase  the  value  of  these  factors  by  the  following 
percentages  to  allow  for  scrap  and  parts  not  included : 

Field  copper  (AT^)  0%;  armature  copper  (Kvin)  15^;  arma- 
ture laminations  {K^)  70%;  poles  (AT'^Jv)  25%;  yoke  (/C*")  15%; 
field  ring  (/C»^  and  /C^^i)  15%. 

Substituting  in  equation  (71),  we  obtain 

69^^4-34^'+ 11.5  0''- 1260  </»- 12,200  =  0 

from  which  we  find  by  trial  that  0  =  4.5  megalines  per  pole. 

W^e  wish  to  build  a  machine  that  can  be  wound  for  either 
two  or  three  phase,  and  for  voltages  at  least  as  high  as  2300, 
in  order  that  the  alternator ."  carcass  **  may  be  useful  in  the 
future.  The  first  of  these  requirements  necessitates  a  number 
of  slots  per  pole  which  will  be  a  multiple  of  6.  If  we  use  12 
slots  per  pole,  they  will  be  rather  narrow,  and  we  must  have 
twice  as  many  coils  as  by  using  6  slots,  resulting  in  a  great 
deal  more  labor.  Moreover,  the  die  work  for  the  12-slot  punch- 
ing would  be  considerably  greater.  On  the  other  hand,  for  the 
same  weight  of  material,  the  heating  with  the  12-slot  punching 
would  be  slightly  less  and  the  v/ave-form  slightly  better.  We 
shall,  however,  decide  in  favor  of  G  slots  per  pole.  With  0  =  4.5, 
we  shall  require  1.2  conductors  per  slot  with  Y  connection,  or 
2.07  with  delta  connection.  Using  2  conductors  per  slot,  and 
connecting  delta,  we  find  that  <^  =  4.66,  which  we  shall  adopt. 
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In  order  to  find  the  diameter  and  length,  we  shall  use  equa- 
tion (20)  as  a  trial,  and  find  ;=  11.8  inches.  From  (18)  and  (39) 
we  find  that  D,  =  75  in.,  giving  a  pole  pitch  of  11.8  inches,  and 
a  peripheral  speed  at  the  bore  of  7100  ft.  per  minute.  With 
this  diameter  we  shall  have  670  ampere  conductors  per  inch. 

We  shall  take  the  length  of  the  pole  i  to  be  12  in.  Taking 
the  axial  length  of  the  armature  to  be  13.5  in.,  including  two 
0.5-in.  outside,  ventilating  ducts,  and  allowing  for  three  other 
0.5-in.  vents,  the  gross  iron  will  be  1 1  in.  and  the  net  iron  9.7  in. 
Allowing  for  four  teeth  through  which  the  flux  will  pass,  and  a 


WLfui 


tooth  density  of  98  kilolines  per  square  inch,  the  tooth  width 
will  be  1.22  in.     This  will  give  a  slot  width  of  0.75  in. 

In  order  to  reduce  the  eddy-current  lo3S  in  the  armature  con- 
ductors to  a  minimum,  we  will  use  a  double  layer  wave  winding 
and  laminate  the  conductor  by  using  square  double  cotton  covered 
wire.  Two  number  2  square  B.  &  S.  fit  nicely  in  width,  and  allow- 
ing for  three  in  depth  in  the  half  slot,  we  obtain  a  current  density 
of  1670  amperes  per  square  inch.  AUowing  for  the  suck  and 
f(»r  insulation,  we  shall  make  the  slot  depth  2.25  in.  (in- 
forming with  our  assumed  density  of  33  kilolines  per  square  inch 
in  the  armature  core,  we  shall  make  the  depth  behind  the  teeth 
7.25  in.,  corresponding  to  a  density  of  33.2. 
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As  the  pole  length  i  is  12  in.,  we  find  from  equation  (3)  that 
W,  the  pole  **  waist  *^  is  5.25  in.  With  a  1  in.  width  of  strip, 
the  mean  turn  will  be  37  in.  Taking  K'  to  be  1.8,  we  find  from 
equation  (5)  that  A:=  14,200  ampere-tums.  From  equation  (8) 
we  find  that  0.074  square  inches  are  required.  0.07  in.xl  in. 
has  slightly  less  section,  but  we  can  find  from  the  saturation 
curves  which  will  be  plotted,  whether  this  gives  sufficient 
margin.  By  winding  75.5  turns  on  each  pole,  v/e  shall  meet 
both  the  temperature  and  excitation  guarantees.  This  >vill 
require  a  radial  length  of  pole  of  7  in.  excluding  the  head,  and 
allowing  1  in.  for  the  head,  gives  //  =  8  in. 
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Fig.  2. 

Employing  cast  steel  for  the  field  ring,  and  allowing  a  density 
of  63  kilolines  per  square  inch,  the  radial  depth  will  be  3.75  in. 
for  an  axial  length  of  12.5  in.  Allowing  1.5  in.  for  the  radial 
depth  of  the  pole  dovetail,  we  obtain  a  stress  of  5200  lb.  per 
square  inch  due  to  centrifugal  force  at  normal  speed.  At  50% 
overspeed  this  will  be  11,700,  which  is  safe,  as  it  allows  a  factor 
of  safety  of  about  5. 

In  order  to  secure  the  regulation  guaranteed,  we  shall  use  an 
air  gap  of  0.3  in.  at  the  middle  of  the  pole,  making  the  pole 
eccentric  with  a  20  in.  radius.  This  will  make  the  gap  ampere- 
tums  per  pole  approximately  5500.  The  magnetic  circuit  of 
the  machine  is  shown  in  Figs.  1  and  2. 
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The  calculated  saturation  curves  are  not  given,  but  in  Fig.  3 
will  be  found  the  test  curves.  The  air-gap  came  a  little  smaller 
than  was  specified,  0.28  in.  instead  of  0.3  in. ;  but  notwithstanding 


Fio.  3. 

this  discrepancy  the  regulation  guarantees  are  easily  met,  being 
7.5%  and  21%  with  800  kw.  load  and  at  respectively  100% 
and  85%   power-factor.     The  eflSciencies  obtained  were:  full 
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load  in  kilowatts,  85%  power-factor,  94.72  per  cent.;  0.75  load 
93.54  per  cent.;  0.50  load  91  per  cent.  The  heat  run  showed 
the  following  results:  12  hours,  480  volts,  1005  amperes  arma- 
ture, 144  amperes  field.  Temperature  rise  stator  iron,  22®  cent. , 
stator  coils  2(f  cent.;  field  coils  34®  cent,  (taken  at  a  power- 
factor  less  than  20%).  From  this  heat  run  it  will  be  seen  that 
the  temperature  rise  with  800  kw.  load  at  85%  power-factor 
(1130  amperes)  will  not  exceed  25.5°  cent,  on  the  stator  coils; 
nor  will  the  rise  exceed  40®  cent,  with  25%  overload.  As  in 
neither  case  will  the  excitation  be  greater  than  145  amperes,  the 
field  heating  is  also  within  the  guaranteed  temperature  rise. 
It  will  also  be  seen,  from  an  inspection  of  the  saturation  curves, 
that  the  alternator  will  give  535  volts  when  operated  full  field, 
normal  speed,  with  25%  overload  in  kilowatts  (1420  amperes) 
at  85%  power-factor.  The  clause  in  the  specifications  calls  for 
the  alternator  to  give  its  normal  voltage  of  480  under  these 
conditions. 

Comparing  the  weights  of  the  principal  parts  of  the  alternator 
as  computed  by  means  of  equations  (23),  (33),  (43),  (50),  (55), 
and  (64),  [employing  the  same  value  for  AT^,  AT^"',  etc.,  as  orig- 
inally assumed  (A:v  =  6300,  /iCviii^^ 23,000,  etc.),  and  </>  =  4.66], 
with  the  calculated  weights  determined  from  the  dimensions  of 
the  machine,  we  obtain  the  following: 

Calculated  Calculated 

by  equation  from  dimensions 

Armature  copper 1060  1020 

Field  copper 1360  1260 

Summation  copper 2,420  2,280 

Armature  laminations 6400*  6240 

Pole  laminations 2860t  3350 

Yoke 6300t  6300§ 

Field  ring -.  .2700  2300 

Summation  iron 18,260  18,190 

Sum  of  iron  and  copper 20,680  20,-f70 

♦26%  added  to  allow  for  teeth. 

tlO%     "         ' pole  tips 

tl5%     "         **     "        **    inaccuracy  of  equation. 
§  Actual  weight  of  rough  casting. 
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In  the  above  calculations  involved  in  the  design  of  the  alter- 
nator, but  one  diameter  and  one  length  were  considered.  This 
was  done  in  this  case  to  prevent  the  paper  becoming  too  lengthy. 

The  alternator  as  above  designed  well  illustrates  the  appUca- 
tion  of  the  writer's  method  to  an  actual  example.  In  an  alter- 
nator for  this  rating  it  is  possible  to  secure  the  same  electrical 
characteristics  by  approaching  either  the  copper  or  iron  machine, 
increasing  the  air-gap  and  possibly  the  flux  density  in  the  poles 
in  the  former,  to  secure  regulation.  Had  the  circub.tion  of  air 
been  increased,  thereby  reducing  the  heating  for  the  same 
weight  of  copper,  and  had  the  densities  and  other  constants  in 
the  equations  remained  the  same,  the  equation  would  have 
indicated  a  nearer  approach  to  the  copper  machine.  However, 
in  a  case  of  this  kind  it  might  be  advantageous  to  increase  the 
flux  densities  in  the  armature.  It  will  therefore  be  seen  that  the 
evaluation  of  many  quantities  entering  into  the  equations  must 
depend  upon  the  judgment  of  the  designer. 


Appendix. 


As  was  noted  ir  the  paragraph  following  equation  (21), 
other  things  being  equal,  the  product  of  the  weight  of  the  field 
copper  and  the  kilowatts  excitation  is  constant.  If,  as  is  often 
the  case,  there  is  no  limit  placed  by  the  field  becoming  crowded 
near  the  bases  of  the  poles,  or  by  field  heating,  the  designer  may 
have  some  difficulty  in  deciding  upon  the  best  value  to  assign 
to  the  excitation.  He  may  overcome  this  difficulty  if  his  chief 
aim  is  to  reduce  to  a  minimum  the  cost  of  the  entire  equipment, 
including  alternator  and.  exciter,  by  bringing  the  cost  of  the 
exciter  into  the  equations,  as  is  carried  out  in  the  following 
derivation : 

Rewriting  equation  (21), 

WfPf=^rj  (72) 

where  j-  —  expression  in  the  brace  in  equation  (21) ;  that  is, 
^    3130  AT"'  a     {K^i-h  1)'     F  Pg  AT'Y 

If  S9  represent  the  cost,  in  dollars,  of  the  field  copper  plus 
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the  cost  of  the  exciter,  and  p^  the  cost  in  dollars  per  kilowatt 
of  the  exciter,  we  have: 

S.^p.Pf-^PfWf  (73) 

-P^Pf^Pf^,  (74) 

In  order  that  5,  be  a  minimum,     ,  ^   =  0,  hence: 


ii£.  =  i,  -JUL  =0 
dPi     ^'    <t>Pf 


Whence 


P,  =  A/^  (75) 

P^9 


Substituting  this  value  of  Pf  in  (72) , 


H',  =  y  ^  (76) 

The  cost  of  the  field  copper  will  be: 

Si  '  PfWf  =  {y/pffTr)  j^  (77) 

The  cost  of  material  in  the  principal  parts  of  the  alternator 
will  then  be: 

py  A:«"  ^  +  (/'^  AT*'^  -  />/.r.  Arxvi)<^f  (78) 

Letting  a,    =  ^^pfpTT*  ^^  bave,  after  differentiating  with 
respect  to  ^,  equating  to  zero  and  clearing : 

|a,^i  +  a,^»+|a5^V-iae^*-2a,  =  0  (79) 

Appljring  the  above  to  the  800  kw.  alternator,  the  design  of 
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which  was  outlined  in  the  conclusion  of  the  paper,  and  allowing 
pg  =  $20.00,  the  evaluation  of  the  other  quantities  being  the 
same  as  previously, 


«•  =  V.2X  20X148,000  =  770. 

Equation  (79)  becomes: 

69  04  +  34  <^»-f  11.5  ^V  -385  0*- 12,200  =  0 

Whence  <f)  =  4.34  mep^alines  per  pole.  This  value  is  slightly 
less  than  that  given  by  equation  (71),  this  latter  being  4.5 
megalines.  The  exciter  kilowatts  will  also  be  somewhat  less 
than  assumed  for  carrying  out  the  design  of  the  alternator, 
being  18.5,  as  obtained  from  equation  (75),  as  compared  with 
23.5  kilowatts  assumed. 
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Discussion  on  **  The  Relative  Proportions  of  Copper  and 
Iron  in  Alternators."  Atlantic  City,  N.  J.  July  2, 

1908 

W.  L.  Waters:  Mr.  Fechheimer  is  to  be  congratulated  on 
the  success  obtained  in  his  attempts  to  reduce  the  design  of 
alternators  to  a  series  of  mathematical  formulas.  A  good  many 
attempts  have  been  made  in  the  past  to  reduce  electrical 
machine  design  to  an  exact  science,  but  they  have  met  with 
little  success.  The  first  attempt  was  made  in  regard  to  trans- 
former design,  when  rules  for  the  most  economical  dimensions 
were  formulated  by  various  engineers,  but  even  in  this  ex- 
tremely simple  case  such  rules  met  with  very  little  success.  1 
think  that  such  attempts  only  serve  to  emphasize  the  wcll- 
known  statement  that  electrical  machine  design  is  an  art  and 
not  an  exact  science. 

In  the  case  of  an  alternator,  there  are  many  variables,  such  as 
voltage,  speed,  and  frequency,  which  make  radically  different, 
designs  necessary,  and  these  different  designs  may  again  intro- 
duce further  complications  in  regard  to  cooling  and  windage 
of  the  machine.  This  being  the  case,  it  is  not  surprising  that 
Mr.  Fechheimer  finds  such  extreme  variations  in  his  constants. 

I  think  this  paper  is  more  useful  in  an  academic  way  than 
as  an  assistance  in  practical  designing.  The  probability  is  that 
for  practical  commercial  designing  we  shall  find  it  necessary  to 
keep  to  our  old  method  of  trial  and  error,  basing  our  designs 
and  changes  in  design  on  past  experience.  Mr.  Fechheimer 
will  no  doubt  find  that  so  much  latitude  must  be  allowed  in 
fixing  his  constants  that  his  method  will  in  the  end  practically 
amount  to  a  trial  and  error  method,  similar  to  that  which  has 
been  in  use  for  the  last  fifteen  years. 

Comfort  A.  Adams:  While  there  is  imdoubtedly  much  truth 
in  what  Mr.  Waters  says,  there  is,  on  the  other  hand,  no  doubt 
as  to  the  very  great  usefulness  of  a  general  analysis  of  design 
problems  carried  out  as  indicated  in  Mr.  Fechheimer's  paper. 
This  is  particularly  true  in  the  case  of  a  new  line  of  machines 
where  the  limitations  introduced  by  the  necessity  of  employing 
old  frames  or  stampings  are  absent;  but  even  in  many  other 
cases  the  general  analysis  reduces  the  amount  of  the  cut-and-try 
process  and  renders  the  work  of  design  more  rational.  Design- 
ing engineers  are  too  much  inclined  to  assume,  because  their 
machines  operate  satisfactorily  and  are  reasonably  successful 
commercially,  that  they  cannot  be  improved.  That  this  is  far 
from  true  in  many  cases  would,  I  feel  sure,  be  made  clear  by 
the  application  of  just  such  methods  of  analysis  to  machines 
which  are  the  results  of  years  of  the  cut-and-try  process.  Of 
course,  as  Mr.  Waters  intimates,  a  vast  amount  of  practical 
experience  and  judgment  is  necessary  to  produce  a  good  com- 
mercial piece  of  apparatus;  but  can  there  be  any  doubt  that  the 
more  rational,  scientific,  theoretical,  general  analysis  of  this 
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sort,  when  illumined  by  the  same  experience  and  judgment, 
will  give  better  results  than  the  experience  and  judgment  alone? 
The  claim  often  made  by  the  practical  designing  engineer  that 
he  has  no  time  for  such  careful  theoretical  analyses  can  hardly 
be  upheld  by  experience.  To  me,  the  obvious  fact  is  that  the 
designing  engineer  cannot  afford  to  omit  the  consideration  of 
any  pomt  of  view  which  tends  to  make  nearer  perfect  the  product 
of  his  work.  Who  has  not  had  the  experience  of  pushing 
through  a  hurry-up  job,  only  to  find  that  the  saving  of  a  few 
hours  or  even  of  a  few  days  has  cost  the  customer  weeks  or 
months  of  delay  and  consequent  loss,  and  the  manufacturer  heavy 
financial  loss,  due  to  changes  made  in  the  finished  product 
which  might  have  been  made  in  the  design. 
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THE  NEW  METHOD  QF  TRAINING  ENGINEERS 


BY   MAGNUS    W.    ALEXANDER 


A  century  ago  higher  education  in  American  colleges  and 
universities  aimed  primarily  to  develop  a  man  for  the  pro- 
fessional life  of  a  preacher,  a  doctor,  a  lawyer,  a  teacher,  a 
writer,  or  a  philosopher.  Colleges  and  universities  responded 
to  the  demands  of  the  life  of  that  time.  A  college  bred  man 
occasionally,  from  choice  or  through  circumstances,  entered 
business  activities,  but  the  direction  of  the  commerce  and 
industry  of  the  coimtry  rested  chiefly  with  those  who  had 
worked  their  way  up  to  important  positions  through  all  the  steps 
of  practical  commercial  and  industrial  life.  The  advantages  of 
the  broad  culture  and  of  the  power  of  observing  and  reasoning, 
secured  and  developed  in  institutions  of  higher  learning,  were 
very  little  recognized  in  commercial  and  industrial  work;  and 
the  mathematical  and  physical  knowledge  with  which  the  col- 
leges equipped  their  graduates  foimd  comparatively  little  call 
in  the  business  activities. 

The  invention  of  the  steam  engine  ushered  in  the  wonderful 
industrial  development  of  the  world,  strikingly  manifested  in 
the  extensive  building  of  steam  railroad  systems  all  over  the 
coimtry.  This  activity,  requiring  the  construction  of  loco- 
motives and  rolling  stock,  called  also  for  the  surveying  of  land, 
the  building  of  roadbeds,  the  spanning  of  rivers  and  valleys  by 
bridges  and  viaducts,  the  leveling  of  hills,  and  the  tunneling  of 
mountains.  A  fair  knowledge  of  the  mathematical  and  physical 
sciences  became  a  prerequisite  of  the  equipment  of  the  men 
who  were  to  take  charge  of  this  kind  of  work.  Colleges  and 
imiversities,  wisely  then  began  to  pay  particular  attention  to 
the  teaching  of  mathematics  and  physics,  which  were  expanded 
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until  they  became  part  of  special  courses  devoted  to  instruction 
in  civil  engineering.  The  further  development  of  the  industries 
through  added  inventions  and  the  extended  use  of  machinery 
reacted  on  the  colleges  in  demanding  of  some  of  the  graduates 
an  enlarged  engineering  knowledge  that  became  *an  important 
factor  in  the  various  industrial  activities.  This  call  of  the  in- 
dustries led  to  the  establishment  of  mechanical  engineering 
courses  in  many  of  the  colleges,  finally  resulting  in  distinctive 
technological  schools  for  the  teaching  of  the  various  branches 
of  the  then  known  engineering  sciences.  At  first,  most  of  the 
graduates  of  the  scientific  courses  and  technological  schools 
devoted  themselves  to  the  teaching  of  the  sciences;  or  entered 
practical  industrial  life,  in  positions  connected  with  railroad 
systems  where  a  knowledge  of  civil  engineering  was  required. 
Those  who  went  into  the  workshops,  however,  foimd  it  necessary 
to  acquire  a  knowledge  of  industrial  processes  and  the  art  of  the 
application  of  the  sciences  to  the  practical  problems  of  the 
factory  before  they  could  assume  responsible  positions;  and  they 
even  foimd  that  their  college  training  worked  rather  against 
than  for  securing  an  opportunity  of  studying  the  practical  side 
of  industrial  life. 

A  further  marked  change  in  the  relation  of  the  colleges  to 
the  industries  became  apparent  some  twenty- five  years  ago 
when  electricity  began  to  play  an  active  pert  in  daily  life. 
The  call  for  college  men  who  had  received  a  thorough  training 
in  the  mathematical  and  physical  sciences  underlying  electrical 
engineering  now  grew  imperative,  as  such  men  v/erc  needed  in 
the  designing  of  electrical  apparatus  and  in  its  manufacture,  as 
well  as  in  the  technical  management  of  electric  street  railways 
which  were  replacing  the  old  transportation  methods.  Many 
colleges  responded  to  this  new  demand  by  the  establishment 
of  electrical  engineering  courses.  The  rapidly  changing  con- 
ditions of  the  electrical  industry,  on  the  one  hand,  required  the 
colleges  to  watch  closely  the  practical  applications  of  electrical 
engineering  theories  in  the  factories,  and  the  remarkable  de- 
velopment of  new  theories  in  college  laboratories,  on  the  other 
hand,  obliged  the  manufacturers  to  keep  in  close  touch  with 
the  work  in  the  colleges.  These  conditions  brought  about  a 
greater  cooperation  between  engineering  colleges  and  technical  in- 
dustries than  had  ever  been  the  case  before;  and  with  this, 
grew  the  interdependence  of  the  two  institutions. 

Graduates  of  electrical  engineering  courses  more  than  any 
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other  engineering  graduates  felt  the  necessity  of  securing  a 
good  deal  of  the  practical  side  of  their  profession  in  the  work- 
shops before  they  could  become  effective  economic  units  in  an 
industrial  organization.  The  electrical  industry  had  called  into 
play  many  new  processes  of  manufacture  with  which  the  student 
was  not  made  familiar  at  college,  nor  had  he  even  that  general 
knowledge  in-  regard  to  them  which  most  young  men  acquire  as 
boys  in  regard  to  ordinary  mechanical  processes,  either  by  ob- 
servation or  by  actual  contact  with  the  work.  Realizing  the 
gap  between  the  theory  of  the  college  and  the  practice  of  the 
industry,  some  colleges  added  courses  in  practical  shop  and 
field  work  to  their  curricula.  They  established  and  main- 
tained college  work  shops  for  that  purpose. 

The  machine  equipment  and  manufacturing  methods  of  to-day 
soon  become  those  of  yesterday.  This  applies  especially  to 
colleges  which  neither  have  the  resources  to  keep  their  equip- 
ment up-to-date,  except  at  comparatively  long  intervals,  nor 
for  obvious  reasons,  can  adjust  their  processes  and  methods 
quickly  to  the  rapidly  changing  industrial  conditions.  Many 
of  the  men  in  charge  of  the  practical  shop  courses,  to  be  sure,  are 
taken  from  practical  life,  but  even  they  find  it  difficult  to  keep 
abreast  of  the  development  in  the  industries. 

While  this  process  of  adjustment  on  the  part  of  the  colleges 
to  the  new  industrial  life  was  going  on,  manufacturers  of  steam 
engines,  locomotives  and  similar  devices,  and  especially  manu- 
facturers of  electrical  apparatus,  evolved  their  own  methods 
through  which  the  college  education  of  the  young  man  was 
rounded  out  by  practical  experience  in  the  industry  before  he 
could  be  placed  even  in  a  minor  position  of  responsibility. 
These  "  student  courses  "  proved  very  valuable  from  the  be- 
ginning, and  became  so  important  that  in  most  cases  they  were 
placed  under  the  supervision  of  men  especially  selected  for  the 
training  of  students.  The  general  aim  was  to  give  the  student  an 
opportunity  during  a  two  years'  course,  to  apply  the  theories 
learned  at  college  to  the  practical  problems  of  daily  industrial 
life,  to  acquaint  him  with  factory  conditions,  and,  as  far  as 
time  would  permit,  with  some  of  the  factory  processes;  he  was 
usually  required  to  work  regular  factory  hours  and  to  submit 
in  general  to  the  rules  governing  the  conduct  of  men  in  the  shop. 

With  all  due  recognition  of  the  excellent  systems  for  training 
college  graduates  that  have  been  developed  in  many  establish- 
ments throughout  the  country*-,  it  may  not  be  amiss  to  outline 
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here  briefly  the  system  that  was  evolved  a  few  years  ago  by  the 
General  Electric  Company  in  the  Works  at  Lynn,  Mass.,  where 
the  effort  for  a  well  conceived  and  well  conducted  student  course 
has  resulted  in  a  system  of  recognized  efficiency.  The  student 
course  at  Lynn  is  planned  to  meet  the  requirements  of  the 
General  Electric  Company  for  designing  and  estimating,  con- 
struction and  commercial  engineers,  and  technical  salesmen. 
The  company  takes  graduates  of  technical  schools  and  trains 
them  during  a  period  of  two  years,  giving  them  during  this 
time  practical  experience  in  the  handling  and  testing  of  appa- 
ratus, in  order  to  fix  in  the  students*  minds  the  practical  appli- 
cation of  engineering  theories,  to  enlarge  their  engineering 
knowledge  in  general,  to  acquaint  them  with  the  competitive 
value  of  the  product  of  the  factory,  and  to  develop  them  along 
lines  of  their  future  usefulness  to  the  company. 

In  order  that  each  student  might  receive  careful  individual 
attention  thereby  directing  him  into  the  field  of  his  great- 
est capacity,  a  supervisory  committee  was  organized  a  few 
years  arjo,  consisting  of  four  members  of  the  engineering 
corps  of  the  Lynn  Works,  one  being  the  superintendent  of  the 
testing  department.  The  committee  meets  either  weekly 
or  fortnightly.  Each  new  student  is  called  before  the  com- 
mittee sometime  during  his  first  three  months  of  service  with 
the  company  in  order  that  the  committee  may  get  acquainted 
with  him  and  he  with  the  committee.  He  is  questioned  as  to 
his  future  plans  and  is  advised  as  to  the  best  way  of  Carrying 
them  out.  Proper  record  of  the  student  and  his  aims  and  of  the 
impression  that  he  has  made  on  the  committee  is  kept  in  the 
minutes  of  the  meeting,  to  be  referred  to  again  when  the  student 
is  called  the  second  time  within  the  next  six  months.  He  is 
then  examined  quite  fully  with  regard  to  his  theoretical  and 
applied  technical  knowledge,  his  alertness  in  following  up  the 
applications  of  engineering  theories  and  in  taking  advantage 
of  the  educational  faciUties  offered  by  the  course.  The  examina- 
tion is  of  a  more  or  less  informal  character,  but  of  eminently 
practical  value;  it  does  not  aim  to  find  fault  with  the  student 
but  rather  to  assist  him  in  his  work  and  point  out  to  him  the 
way  to  success. 

As  a  rule,  the  young  man  is  not  asked  to  recite  theories  and 
formulas,  but  is  rather  tested  as  to  his  power  of  comprehension 
in  explaining  the  reasons  for  certain  actions  in  engineering 
work.     A   question   as   to   whether  a  constant  current   trans- 


Digitized  by  VjOOQIC 


1908]  ALEXANDER:  TRAINING  ENGINEERS  1463 

former  should  be  short-circuited  or  open-circuited  so  as  to  pro- 
tect the  station  equipment,  if  in  case  of  an  emergency  quick 
action  in  the  power  house  is  imperative,  will  bring  out  more 
truly  the  student's  real  knowledge  of  transformer  design  than 
any  question  as  to  the  theory  of  transformers;  it  will  also  give  a 
clue  to  the  student's  mental  alertness  and  his  ability  to  think 
for  himself.  Similarly,  a  question  as  to  the  proper  apparatus 
for  lighting  a  city  under  stated  conditions  or  as  to  the  reasons 
for  the  superiority  of  certain  motors  over  those  of  competitors 
will  open  an  almost  unlimited  field  for  testing  the  student's 
engineering  knowledge,  his  imderstanding  of  electrical  apparatus, 
and  his  native  ability  as  a  technical  salesman.  These  examina- 
tions are  repeated  two  or  three  times  during  the  student 
course.  Those  who  do  not  come  up  to  the  standard,  after 
they  have  been  warned  by  the  committee,  are  dropped  from  the 
course.  Those  who  give  a  satisfactory  account  of  themselves 
are  usually  placed  in  suitable  positions  as  soon  as  they  graduate 
from  the  course. 

The  efforts  of  the  supervisory  committee  have  resulted  in 
encouraging  the  students  in  their  work  and  in  giving  the  com- 
pany a  fair  idea  of  the  value  of  each  candidate  for  an  engineering 
position.  This  system  has  also  stimulated  in  the  students  a 
desire  for  increased  engineering  knowledge  which  has  manifested 
itself  in  the  formation  of  students*  clubs  to  compare  notes  and 
to  discuss  the  various  problems.  It  has  even  led  to  the  publica- 
tion by  two  students  of  a  very  interesting  booklet  on  "  Questions 
and  Answers  about  Electrical  Apparatus  ",  a  valuable  aid  to 
the  yoimg  men  in  the  course.  The  members  of  the  committee, 
on  the  other  hand,  have  been  kept  informed,  through  close  con- 
tact with  the  students,  of  many  matters  with  which  they  would 
not  have  otherwise  become  familiar,  on  account  of  the  com- 
plexity of  the  company's  business,  and  some  of  the  ideas  ad- 
vanced by  students  have  led  the  committee  to  adopt  methods 
which  have  proved  of  advantage  to  the  students  and  to  the 
company. 

As  a  member  of  this  supervisory  committee,  I  have  had  an 
imusual  opportunity  to  study  at  close  range  several  hundred  of 
the  graduates  of  technical  schools,  and  to  follow  their  early 
careers  as  junior  engineers  in  various  positions  with  the  com- 
pany. Although  the  present  system  of  engineering  training 
possesses  many  points  of  merit  and  has  turned  out  engineers  of 
high  rank,  nevertheless  I  have  become  convinced  that  this 
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combination  of  four  years  of  mental  activity  in  college  with  two 
subsequent  years  of  practical  shop  work  in  the  student  course, 
calling  for  physical  exercise  to  a  large  extent,  is  not  the  most 
effective  method  of  training  designing,  commercial,  and  con- 
struction engineers.  It  fails  to  give  that  insight  into  the  practical 
side  of  electrical  engineering  and  into  the  proper  relation  of  the 
economic  forces  of  an  industrial  organization  that  is  more  and 
more  demanded  of  those  who  wish  to  take  leading  positions  in 
the  industrial  field.  Moreover,  the  atmosphere  at  college  is 
charged  with  little  of  the  seriousness  of  business.  The  correla- 
tion of  theory  and  practice  is  not  sufficiently  close  to  facilitate 
the  proper  appreciation  of  the  s  iences  in  their  concrete  applica- 
tions. While  shop  practice  courses  at  college  endeavor  to 
approximate  the  desired  condition,  it  must  be  admitted  that 
they  can  give  at  best  only  a  faint  idea  of  the  real  industrial  situa- 
tion. The  truth  of  this  statement  will  be  readily  admitted  by 
those  who  have  employed  many  college  graduates  in  engineering 
positions  and  have  followed  rather  closely  their  early  careers  as 
engineers.  The  college  has  initiated  the  young  men  only  in  a 
very  general  way  into  the  practical  processes,  and  has  given  them 
but  a  speaking  acquaintance  with  machines  and  materials;  of 
course,  hardly  more  can  be  expected  of  the  colleges  in  view  of 
their  limited  equipment  and  the  brief  time  available  for  this 
purpose.  Moreover,  consideration  of  the  elements  of  time  and 
money  in  carrying  out  practical  work  is  entirely  neglected  at 
college,  although  the  proper  appreciation  of  economic  values  is 
the  important  factor  that  makes  for  success  in  industrial  life. 
Only  extended  experience  in  practical  work  in  which  time  and 
money  play  leading  parts  can  instill  a  proper  conception  of  these 
values.  It  is  natural,  therefore,  that  colleges  leave  to  subse- 
quent practical  Hfe  the  young  men's  development  along  these 
lines.  Similarly,  no  amount  of  the  study  of  political  economy 
at  college  alone  can  give  the  student  a  true  perspective  of  the 
relation  of  employer  to  employee  and  of  the  many  economic 
and  sociological  phases  that  prove  more  and  more  perplexing 
in  our  complicated  industrial  system ;  a  thorough  knowledge  and 
appreciation  of  these  forces,  however,  are  to-day  considered  essen- 
tial for  those  who  are  called  to  positions  of  responsibility  in  the 
executive  and  administrative  departments  of  industrial  life. 

A  serious  study  of  this  situation  has  led  me  to  believe  that  the 
best  engineering  education  can  be  obtained  under  a  plan  which 
provides  that  the  teaching  of  the  theory  and  practice  should  go 
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hand  in  hand,  and,  so  far  as  practicable,  successive  steps  in  the 
one  should  be  based  on  similar  advances  made  in  the  other, 
at  such  intervals  as  to  permit  of  the  most  advantageous  interplay 
of  the  two;  and  further,  that  the  colleges  devote  their  whole 
time  to  the  teaching  of  the  theory  for  which  they  are  so  eminently 
adapted,  leaving  it  to  real  workshops  to  initiate  the  student  into 
practical  work,  for  which  they  in  turn  are  best  equipped.  From 
an  educational  standpoint,  this  plan  should  prove  efficacious, 
for  mental  conception  of  any  activity  is  facilitated  by  the 
physical  perception  of  a  given  process,  as  illustrated  in  the  whole 
development  of  the  human  being;  and  on  the  other  hand, 
mental  visions  are  more  firmly  clinched  by  concrete  application. 
Moreover,  imder  such  a  plan,  the  freedom  enjoyed  by  students 
during  the  college  career  is  happily  interrupted  by  the  stem 
discipline  that  must  prevail  in  a  business  organization;  the 
advantage  of  this  college  freedom  in  the  development  of  the 
young  man's  character,  in  the  spreading  of  his  wings,  so  to 
speak,  is  not  lost,  but  his  freedom  is  regulated  by  frequently 
recurring  intervals  of  discipline  in  the  factory,  so  that  he  may 
be  prevented  from  soaring  to  the  skies  in  his  fanciful  ideas 
engendered  by  his  personal  irresponsibility  and  after  four  years 
find  himself  all  too  rudely  pulled  back  to  earth  by  the  stem  call 
of  practical  life  with  its  demand  for  cooperation  of  all  forces. 
This  plan  also  trains  and  develops  the  young  man  in  the  very 
life  to  which  he  will  devote  his  future  efforts  and  gives  him  the 
love  for  it,  which,  after  all,  is  necessary  for  his  success.  Eco- 
nomically this  cooperative  education  is  sound  in  principle,  in 
that  it  will  give  to  the  industries  engineers  who  are  known  to 
be  capable  of  assiuning  responsibility  and  can  therefore  be 
placed  in  positions  of  leadership.  An  arrangement  of  this  kind, 
carrying  with  it  financial  remuneration  during  a  part  of  the  time, 
will  attract  to  engineering  work  young  men  who  are  mentally 
and  physically  adapted  to  it  but  who  at  the  present  time  do  not 
enter  college  for  financial  reasons  or  for  lAck  of  appreciation  of 
the  value  of  higher  education.  The  poor  boy,  if  otherwise  fitted 
for  it,  will  be  given  a  chance  to  acquire  a  college  education  by 
**  working  his  way  "  through  college  in  activities  that  have  a 
direct  beneficial  bearing  on  his  future  career.  The  influence  of 
the  college  will  therefore,  be  extended  and  in  no  way  restricted 
by  the  cooperative  plan  as  contemplated. 

It  is  obvious  that  only  those  should  be  permitted  to  enjoy  the 
benefits  of  cooperative  education  who  can  prove  both  their  mental 
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fitness  for  a  college  training  and  their  adaptability  to  the  re- 
quirements of  practical  work.  The  test,  therefore,  should  be  a 
successful  passing  of  entrance  examinations  into  an  engineering 
school  and  satisfactory  service  during  a  trial  period  in  the 
factory.  The  former  should  precede  the  latter,  so  that  the 
workshop  may  not  be  put  to  any  expense  for  the  preliminary 
training  of  young  men  who  could  not  enter  upon  the  course  on 
account  of  educational  deficiency.  The  trial  period  should  be 
of  at  least  three  months'  duration,  which  I  consider  neces- 
sary for  a  fair  judgment  in  regard  to  a  yotmg  man's  ability 
for,  and  right  attitude  toward,  practical  work.  If  properly 
conducted,  the  trial  period  will  afford  a  splendid  opportunity 
to  differentiate  between  those  who  give  fair  promise  for  a 
successful  career  as  engineers  and  those  who  show  a  lack  of  the 
essential  qualifications  for  **  making  good  ".  The  cooperative 
course,  involving  as  it  does  the  expenditure  of  money  on  the 
part  of  a  business  organization,  should  of  course  be  open  only  to 
promising  yotmg  men,  especially  since  the  demand  for  admission 
to  the  course  will  undoubtedly  many  times  exceed  the  available 
opportunities. 

After  passing  a  satisfactory  educational  and  practical  test,  the 
yoimg  man  begins  a  cooperative  course  of  six  years,  correspond- 
ing to  the  six  years  at  present  occupied  by  the  engineering  college 
education  and  the  factory  student  course.  Under  either  plan, 
therefore,  the  junior  engineer  will  start  his  life's  work  after  the 
same  length  of  preparation.  The  plan  which  I  have  in  mind 
provides  that  the  first  five  years  be  spent  in  alternating  periods 
at  the  college  and  factory,  leaving  the  sixth  year  to  be  de- 
voted entirely  to  college  work.  Under  this  arrangement,  co- 
operative students  will  be  taught  in  separate  classes  for  the 
first  five  years  at  college,  but  in  their  senior  year,  they 
may  be  merged  with  the  regular  seniors.  The  advantage  of  the 
latter  provision  lies  in  the  opportunity  which  it  gives  to  the 
engineering  apprentice  for  uninterrupted  attention  to  his  thesis 
and  original  research  work  and  for  forming  wider  college  associa- 
tions by  coming  in  contact  with  the  larger  body  of  regular  college 
men.  This  plan  has  an  economic  value  to  the  college  and 
places  both  classes  of  college  students  on  the  same  plane  with 
regard  to  their  final  examinations  and  the  attainment  of  their 
college  degrees.  The  fact  that  the  last  year  is  spent  away  from 
the  factory  will  strongly  appeal  to  manufacturers  in  that  those 
engineering  apprentices  who  upon  completion  of  the  cooperative 
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course  enter  the  engineering  staff  of  competing  firms  will  not 
possess  the  data  relating  to  the  latest  developments  and  experi- 
ments. For  myself,  I  rather  believe  that  the  last  year  at  college 
will  be  interpreted  by  most  students  as  a  leave  of  absence  at 
the  expiration  of  which  they  will  gladly  return  to  the  establish- 
ment which  made  it  possible  for  them  to  receive  an  engineering 
training,  and  which  in  turn  will  willingly  offer  adequate  induce- 
ments to  secure  the  services  of  those  with  whose  special  apti- 
tudes it  is  familiar. 

As  to  the  length  of  the  aitemating  periods  during  the  first 
five  years  of  the  course,  extended  experience  alone  will  be  able 
to  determine  the  most  efficacious  arrangement.  We  may  in  the 
meantime,  however,  consider  various  proposals,  and,  by  the 
process  of  elimination,  narrow  our  consideration  down  to  the 
few  which  in  the  light  of  logical  reasoning  might  appeal  as 
efficient.  The  length  of  the  aitemating  period  is  a  very  im- 
portant element  in  this  plan,  for  too  long  or  too  short  a  time  may 
defeat  the  very  objects  which  the  cooperative  course  seeks  to 
accomplish.  In  the  light  of  the  aims  of  the  course  previously 
advanced,  short  periods  seem  to  recommend  themselves  to  us. 
A  year  or  even  six  months  spent  altematingly  at  college  and  at 
the  factory  would,  I  think,  fail  to  give  that  close  coordination  of 
theory  and  practice  that  is  an  essential  feature  of  the  plan;  nor 
would  it  establish  that  balance  between  the  college  freedom 
and  the  factory  discipline  which  has  already  been  referred  to  as 
very  desirable.  Short  periods,  on  the  other  hand,  will  develop 
that  facility  in  the  young  man's  physical  and  mental  make-up 
that  will  enable  him  to  adjust  himself  quickly  to  the  interacting 
influence  of  the  college  and  the  factory.  The  engineering  ap- 
prentice should  enter  upon  his  factory  work  as  a  college 
boy  with  all  the  mental  alertness  and  the  inquiring  mind 
fostered  by  the  college;  and  he  should  return  to  the  college 
as  an  industrial  worker  with  the  physical  energy  and  the  deter- 
mined spirit  of  achievement  that  will  be  developed  in  a  hustling 
factory  organization.  The  attainment  of  these  characteristics 
will  to  a  large  degree  determine  the  success  of  the  plan.  Alter- 
nating periods  of  a  day  or  even  a  week,  to  take  the  other  extreme, 
might  keep  the  young  man's  mind  in  a  rather  chaotic  state, 
might  not  give  the  seed  sown  in  the  class  room  and  factory, 
respectively,  a  fair  chance  to  take  root.  Such  time  arrange- 
ment, moreover,  would  seriously  interfere  v.qth  the  best  economy 
at  the  factory,  and  largely  forfeit  that  s)mipathetic  interest  of 
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the  shop  foremen  and  workmen  which  seems  to  me  not  only 
desirable  but  decidedly  necessary.  Periods  of  such  short  dura- 
tion would  prevent  also  the  complete  carrying  out  by  the  same 
men  of  many  pieces  of  work  which  should  form  part  of  their 
practical  education.  The  finishing  of  such  work  by  another  set 
of  men  might  often  entail  loss  of  time  and  even  spoil  the  work 
itself. 

As  already  stated,  any  estimate  arrived  at  now  in  regard  to 
the  length  of  alternating  periods  must  be  looked  upon  as  experi- 
mental; different  factory  conditions  might  lead  to  different 
conclusions.  Personally,  I  believe  in  the  efficacy  of  an  arrange- 
ment under  which  the  periods  increase  in  duration  from  the  first 
toward  the  last  year  of  the  course,  beginning  perhaps  with 
alternations  of  four  or  five  weeks'  duration  and  ending  with  time 
elements  of  college  semesters.  In  that  way,  all  the  advantages 
of  the  cooperative  course  would  be  emphasized  strongly  at  the 
beginning  when  they  are  of  determining  influence,  and  the  eco- 
nomic consideration  of  the  college  and  the  factory  would  receive 
growing  attention  in  latter  years  as  justified  by  the  increasing 
importance  of  the  work.  An  important  advantage  under  a 
system  of  alternating  periods  lies  in  the  fact  that  onr  set  of 
students  can  work  in  the  shop  while  the  other  set  is  engaged  at 
the  college,  and  vice  versa,  thereby  keeping  the  educational 
and  physical  equipment  employed  practically  at  all  tines. 
This  plan,  of  course,  presupposes  that  during  the  college  summer 
vacations,  all  engineering  apprentices  will  be  utilized  at  the 
factory,  one-half  of  them  during  the  first  part  of  the  summer 
with  a  vacation  following  during  the  latter  part,  and  the  other 
half  enjoying  a  rest  at  the  closr^  of  the  college  year  and  entering 
upon  practical  work  again  during  the  middle  of  the  summer. 

It  goes  without  saying  that  engineering  apprentices  should 
receive  a  fair  compensation  for  services  in  the  factory,  while 
they  would,  of  course,  pay  a  tuition  fee  for  their  college  training. 
In  the  latter  case,  they  receive  education  from  +he  college  with- 
out giving  anything  in  return;  quite  differently,  however,  at 
the  factory  where  they  receive  a  prr.ctical  education,  they  make 
immediate  returns  in  the  commercial  work  which  they  perform. 
I  believe,  and  in  fact  from  similar  experience,  I  know,  that  if 
the  factory  end  of  the  ccOparative  course  is  well  organized  and 
efficiently  conducted,  an  astonishing  amount  of  good  com- 
mercial work  can  be  turned  out  by  engineering  apprentices, 
which  will  compensate  fully  for  the  v/ages  of  the  apprentices 
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and  for  the  expenditures  for  special  supervision,  materials  spoiled 
work,  and  other  incidentals.  Considering  that  the  young  men 
admitted  to  the  cooperative  course  will  be  at  least  eighteen  years 
of  age,  possessing  a  high  school  education  and  that,  furthermore, 
they  will  be  selected  according  to  a  rather  high  standard,  I 
should  advocate  an  initial  wage  which  would  make  them  entirely 
self-supporting  while  they  are  at  the  factory.  Their  remunera- 
tion should  increase  at  yearly  or  semi-yearly  intervals  both 
to  give  incentive  and  stimulation  to  the  young  men  and  to 
keep  pace  with  the  increasing  value  of  their  work ;  in  that  way, 
they  would  also  be  enabled  to  lay  up  a  sufficient  amount  for 
the  payment  of  their  college  tuition  and  for  other  necessaries. 
The  exact  amount  of  the  wage  will,  of  course,  depend  some- 
what on  local  conditions  as  to  the  prevailing  average  compensa- 
tion for  work  and  the  educational  and  living  expenditures  of  the 
particular  community.  As  a  general  proposition,  I  might  sug- 
gest a  starting  wage  of  $G  a  week  with  a  yearly  increase  of  $2  a 
week,  amounting  therefore  to  $14  a  week  during  the  fifth  year  of 
the  course,  when  the  shop  work  ceases.  On  this  basis,  engi- 
neering apprentices  would  earn  in  the  neighborhood  of  $1300 
during  the  entire  course  as  against  expenditures  of  $600  to 
$1000  for  the  college  training,  according  to  the  tuition  fee  pre- 
vailing at  the  different  engineering  schools. 

The  college  as  well  as  the  industrial  establishment  must,  of 
course,  have  the  right,  fully  understood  beforehand,  to  terminate 
the  course  of  any  engineering  apprentice  at  any  time  for  good 
reason,  and  discharge  from  one  institution  for  unsatisfactory 
work  or  conduct  must  be  followed  by  discharge  from  the  coopera- 
tive course  by  the  other  institution.  Either  institution,  how- 
ever, may  make  any  special  arrangements  with  such  student, 
and  if  he  is  transferred  to  the  regular  course  at  college,  he  should 
receive  credit  for  studies  already  pursued. 

The  administration  of  the  cooperative  course  would  involve 
the  appointment  of  a  supervisory  board  with  representation  from 
each  institution.  This  board  would  work  out  and  supervise 
the  details  of  the  course  of  study  both  at  the  college  and  at  the 
factory,  and  have  general  charge  of  the  social  and  cultural  needs 
of  engineering  apprentices.  It  would  be  an  interesting  matter  to 
lay  out  a  course  of  study  which  would  cover  the  present  four 
yoars*  college  course  and  at  the  same  time  lay  particular  stress 
on  those  subjects  that  may  be  classed  under  the  general  head  of 
applied  economics.     In  view  of  the  elimination  from  the  college 
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course  of  most  of  the  time  now  devoted  to  shop  practice, 
mechanical  drawing,  and  electrical  testing,  to  which  subjects 
the  factory  will  give  particular  attention,  and  also  on  the  assump- 
tion that  the  coordinated  practical  work  in  the  shop  will  make  it 
possible  to  cover  more  ground  at  college  in  a  given  time,  it  would 
seem  that  the  present  four  years'  college  program  could  be  very 
nearly  covered  in  the  first  five  years  of  the  cooperative  course. 
The  sixth  year,  which  is  entirely  spent  at  college,  might,  there- 
fore, be  devoted  to  thesis  and  research  work  and  to  special  lec- 
tures both  by  the  college  instructors  and  by  men  of  affairs  in  prac- 
tical life  on  such  subjects  as  business  law  and  business  organiza- 
tion, cost-keeping  and  factory  accounting,  the  economics  of  pro- 
duction and  methods  of  equipping  and  laying  out  of  manufactur- 
ing establishments.  Seminars  for  cooperative  students  in  these 
latter  subjects  and  in  many  more  of  a  similiar  character  which 
will  take  the  place  of  some  of  the  regular  fourth  year  subjects 
already  covered,  will  prove  most  interesting  iand  instructive, 
because  practical,  and  the  presentation  and  discussion  of  such 
matters  by  men  of  affairs  will  bring  the  latter  into  contact 
with  the  student  body  to  the  advantage  of  both.  The  super- 
visory board  will  also  from  time  to  time  confer  and  advise  with 
the  officers  of  the  college  and  the  industrial  establishment  as  to 
their  respective  work,  but  they  shall  have  no  authority  or  re- 
sponsibility in  regard  to  the  work  of  either  as  long  as  the  course 
is  carried  out  in  conformity  with  the  general  plan  approved  by 
both  institutions. 

This  cooperation  between  the  college  and  the  industry  will 
tmdoubtedly  produce  that  kind  of  engineering  education  which 
will  adequately  meet  the  demands  of  changing  industrial  con- 
ditions, for  engineers  capable  of  filling  executive  and  administra- 
tive positions.  It  will  result  in  giving  college  instruction  just  as 
complete,  thorough,  broad,  and  cultural  as  in  regular  college 
courses,  and  a  practical  training  in  the  factory  infinitely  more 
thorough  and  practical  than  can  be  given  in  any  engineering 
college  or  can  be  obtained  as  advantageously  in  present  student 
courses.  Above  all,  it  will  produce  engineers,  technical  in  their 
specific  knowledge,  cultured  in  their  usefulness  in  life's  activities, 
sympathetic  in  their  understanding  of  the  aspirations  and  needs 
of  men,  and  broad  and  enlightened  in  their  conception  of  their 
own  obligations  as  engineers  and  as  citizens.  This  may  sound 
like  a  very  idealistic  forecast,  yet  I  fully  believe  in  its  realiza- 
tion under  proper  conditions.     Furthermore,  it  is  well  that  we 
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set  up  for  ourselves  an  ideal  of  achievement  in  all  our  work  and 
then  endeavor  to  approximate  it  as  far  as  our  own  strength  and 
circumstances  will  permit. 

About  a  year  and  a  half  ago  the  University  of  Cincinnati  and 
the  manufacturers  of  Cincinnati  arranged  for  a  cooperative  course 
somewhat  similar  to  the  one  outlined  in  this  paper,  the  principal 
difference  being  that  the  students  at  the  university  are  spending 
every  other  week  at  the  factory  or  college,  respectively,  and  that 
it  is  contemplated  to  maintain  this  arrangement  throughout 
the  six  years  of  the  cooperative  course.  For  reasons  which  I 
have  already  given,  I  do  not  agree  with  these  features  and 
believe  that  especially  the  short  periods  will  give  way  to  longer 
ones  before  the  experiment  has  gone  much  further. 

Manufacturers  are  agreed  as  to  the  advantage  of  interweaving 
theory  and  practice  in  the  training  of  engineers,  and  many 
educators  are  looking  in  the  same  direction  for  an  advance  in 
engineering  education.  It  is  significant  that  a  technological 
college  of  the  very  first  rank  has  recently  expressed  willingness 
to  establish  a  cooperative  electrical  engineering  course  along 
the  lines  which  I  have  set  forth  in  this  paper,  and  there  is  good 
reason  to  believe  that  a  very  prominent  concern  manufacturing 
electrical  apparatus  will  soon  join  in  such  an  imdertaking. 

I  trust  that  I  have  explained  the  advantages  of  the  new  method 
of  training  engineers  in  such  a  way  as  to  induce  action  by  col- 
leges and  manufacturers  in  various  parts  of  the  country.  Mem- 
bers of  the  American  Institute  of  Electrical  Engineers,  most  of 
whom  have  received  a  college  education,  and  are,  therefore,  in 
a  position  to  judge  the  case  broadly,  can  do  a  great  service  to 
the  rising  generation  of  engineers  and  to  the  industries  of  the 
country  by  deliberating  over  this  problem  of  engineering  educa- 
tion, so  that  a  safe  and  sane  policy  may  be  adopted  regarding 
this  matter. 
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RELATION  OF  THE   MANUFACTURING  COMPANY  TO 
THE  TECHNICAL  GRADUATE 

BY    DAVID   B.    RUSHMORB 


Conditions  in  the  commercial  world  necessitate  an  increasing 
consideration  being  given  to  the  perfecting  of  organization  and 
to  raising  the  standard  of  individuals  composing  the  same. 
The  present  may  be  said  to  be  distinctly  an  age  of  organization, 
and  in  the  competition  which  naturally  exists,  the  relative  effi- 
ciency attained  by  different  organizations  has  much  to  do  with 
their  survival  in  the  competitive  struggle  of  modem  times. 
Much  thought  is  now  being  expended  on  this  question, 
and  a  great  deal  of  good  is  resulting  from  the  study  being  made 
of  it.  A  whole  can  reach  its  best  condition  only  when  all  of  the 
parts  which  compose  it  are  of  the  first  class.  This  means  that 
the  individuals  composing  an  organization  must  be  of  the  best 
quality  both  as  regards  natural  and  acquired  ability.  There 
is  an  increasing  demand  for  highly  trained  men,  and  there  is 
considerable  discussion  as  to  what  that  training  should  be.  A 
man  who  has  concentrated  his  energies  for  four  years  on  a  special 
line  of  work  is  naturally  more  efficient  in  that  line  than  would 
be  possible  otherwise,  and  consequently  the  properly  trained 
college  man  is  more  efficient  than  the  man  without  a  college 
education.  The  ranks  of  industrial  manufacturing  concerns 
are.  without  question,  becoming  more  largely  filled  with  college 
graduates  and  therefore  the  importance  of  the  technical  graduate 
is  increasing.  There  will  always  be  men  of  unusual  natural 
ability  who  will  succeed  without  a  college  education,  but  such 
individuals  undoubtedly  would  have  been  able  to  accomplish 
more  if  they  could  have  had  the  advantages  of  concentrated 
training  correctly  applied  for  a  nimiber  of  consecutive  years. 
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Manufacturing  companies  must  now  to  a  large  extent  train 
their  own  men.  These  men  must  have  a  thorough  acquaintance 
with  the  organization,  must  know  the  apparatus  manufactured 
by  it,  and  must  be  more  or  less  familiar  with  the  general  business 
conditions  and  with  the  individuals  handling  that  business.  In 
a  large  electrical  manufacturing  company  the  ability  to  handle 
business  in  almost  any  department  is  to  some  degree  dependent 
upon  the  familiarity  of  the  individual  with  the  apparatus  cm- 
cemed,  as  commercial,  legal,  and  engineering  questions  are 
almost  always  involved  together. 

A  manufacturing  company  naturally  desires  a  considerable 
variety  of  men.  There  is  a  large  amount  of  routine  business  to 
be  transacted,  and  there  is  also  a  large  amount  of  work  calling 
for  originality,  initiative,  and  invention,  which  demands  a  differ- 
ent type.  Men  may  remain  in  the  shop  organization,  enter  the 
general  commercial  department,  enter  the  drafting  room  ar 
engineering  force,  work  out  into  the  district  offices  in  their 
engineering  or  commercial  lines,  may  go  with  operating  con- 
cerns to  take  charge  of  power  plants  and  transmission  systems, 
or  they  may  branch  out  into  the  very  wide  variety  of  allied 
industries  which  use  electrical  apparatus  and  where  trained 
electrical  men  are  required.  A  considerable  number  find  a 
useful  field  in  consulting  engineering,  and  a  few  get  into  posi- 
tions where  technical  engineering  ability  is  utilized  in  financial 
lines. 

Some  manufacturer  has  said  that  he  could  lose  his  whole 
factory  equipment  and  still  win  out  if  allowed  to  keep  his 
organization  intact.  Certainly  organization  is  one  of  the  most 
important  factors  in  present  industrial  conditions.  An  organ- 
ization means  an  aggregation  of  individuals  each  of  whom 
is  performing  some  more  or  less  specialized  function,  but  all 
working  harmoniously  together  to  a  common  end.  Many  men 
nevfir  learn  that  they  are  part  of  an  organization,  and  persist 
in  working  as  individuals  and  therefore  lose  much  of  their  value 
to  a  large  concern.  To  get  the  advantage  of  a  large  organization 
everybody's  mind  must  be  used  for  the  whole,  and  the  old 
military  system  of  passing  down  all  the  orders  from  the  top  has 
largely  disappeared.  Cooperation  is  the  watchword  of  modem 
industrial  development.  Conferences  have  become  a  standard 
way  of  arriving  at  decisions,  but  executive  work  must,  of  course, 
be  single-headed.  Concerns  which  make  use  of  the  idea  of  con- 
ferences and  of  using  the  minds  of  all  of  their  members,  while 
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they  may  be  a  little  slow  in  action,  will  always  win  in  the  end. 
The  best  organizations  allow  a  free  development  of  individuals, 
while  restricting  them  to  harmonious  action.  Initiative  must 
be  rewarded,  suggestions  freely  accepted,  and  a  healthful  rivalry 
carefully  watched  and,  if  necessary,  restricted.  An  individual 
entering  a  large  concern  becomes  at  once  a  member  of  an  organiza- 
tion and  must  work  as  such.  The  entire  line  of  thought  and 
action  is  very  different  from  a  condition  where  he  performs  all 
functions  himself.  The  ability  to  work  as  part  of  an  organiza- 
tion can  be  largely  acquired,  and  should  be  learned  in  a  college 
course.  It  is  usually  one  of  the  things  which  a  man  has  to 
learn  when  he  first  gets  out  of  college,  and  is  sometimes  rather  a 
difficult  lesson.  Great  importance  is  placed  by  manufacturing 
organizations  also  on  personal  habits,  characteristics,  etc.,  as 
well  as  mere  technical  knowledge. 

The  condition  of  a  man  after  graduation  depends  to  a  con- 
siderable extent  on  the  individual  and  somewhat  on  the  college 
from  which  he  comes.  The  recent  graduate  is  necessarily  some- 
what theoretical  in  his  point  of  view,  and,  while  having  a  good 
foundation,  has  not  the  practical  experience  or  the  acquaintance 
with  actual  conditions  which  makes  him  of  immediate  value. 
There  is  a  tendency  at  present  to  connect  educational  institu- 
tions with  manufacturing  establishments  so  closely  that  there  shall 
be  no  sharp  line  of  transition  from  one  to  the  other.  This  looks 
somewhat  ideal,  but  undoubtedly  is  a  desirable  tendency.  A 
great  deal  in  the  present  system  is  to  be  commended,  and 
splendid  men  are  being  turned  out.  They  are  all  willing  to 
start  in  at  the  bottom,  but  very  few  are  willing  to  stay  there 
long.  The  ability  to  succeed  in  an  industrial  organization  de- 
pends on  a  great  many  other  things  than  mere  technical  knowl- 
edge, and  the  incidental  developments  at  college  bring  out  many 
faculties  which  are  useful  in  later  life.  The  participation  in 
college  athletics,  debating  societies,  class  functions,  fraternities, 
publications,  etc.,  develops  the  individual  and  assists  him  to 
follow  such  work  after  graduation.  Cramming  for  examina- 
tions has  even  been  commended  on  the  score  that  this  is  what- 
one  has  to  do  continually  afterwards.  Among  the  most  import- 
tant  things  which  a  man  learns  to  do  at  college,  especially  in 
athletic  contests,  is  to  work  with  others;  to  do  team  work  and 
not  act  as  an  individual,  because  a  large  part  of  the  effective- 
ness of  an  organization  depends  on  just  such  work.  A  college 
man  naturally  becomes  something  of  an  organizer,  promoter. 
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manager,  and  contestant,  and  gets  a  start  in  taking  a  broad  view 
of  conditions.  It  is  dependent  upon  himself  to  develop  this 
aften\'ards. 

One  of  the  most  promising  signs  of  the  times  is  the  close 
study  and  cooperation  between  manufacturers  and  colleges. 
College  students  frequently  work  in  the  shops  during  vaca- 
tions, as  do  also  college  professors.  In  some  colleges  it  is 
the  intention  to  have  the  professors  engage  for  a  year  or  so  in 
active  practice,  and  then  return  to  teaching  for  a  few  years. 
The  whole  trend  is  along  a  line  which  brings  the  college  man  in 
close  touch  with  actual  conditions.  Much  that  the  colleges 
arc  doing  is  excellent,  and  much  can  be  said  in  favor  of  the  ideas 
now  being  given  consideration  for  future  modifications.  A  few 
suggestions  only  are  offered  here. 

The  college  graduate  during  his  first  year  or  two  after  gradu- 
ation, is  placed  under  new  conditions,  and  requires  some  time  to 
find  himself.  It  has  been  suggested  that  he  keep  some  relation- 
ship with  his  college  during  this  time  and  that  some  systematic 
study  in  connection  with  this  work  be  followed.  Another  sugges- 
tion -is  that  college  work  should  be  from  the  beginning  associated 
directly  with  the  idea  of  costs.  No  real  engineering  is  ever  dis- 
associated from  this  feature.  It  usually  takes  a  college  man  some 
time  to  learn  that  the  best  engineering  is  that  w^hich  will  serve 
the  purpose,  and  cost  the  least.  At  least  one  college  runs  its 
shop  in  this  w'ay,  and  to  instill  this  point  of  view  into  men  while 
getting  their  education  would  be  of  much  use  afterwards.  It 
is  very  easy  to  say  what  should  be  added  to  or  taken  from  a 
college  course,  and  it  is  only  too  easy  for  a  man  to  make  sug- 
gestions in  this  line,  as  is  evidenced  by  the  amount  of  material 
produced  in  the  way  of  articles  and  discussions.  Many  men 
after  graduation  find  a  use  for  commercial  law,  for  accounting, 
for  a  certain  knowledge  of  business  methods,  and  financial 
factors.  It  is  suggested  that  some  attention  be  paid  to  these 
in  connection  with  engineering  work.  Professional  men  arc 
very  largely  working  on  salaries,  and  a  salaried  position  is  always 
more  or  less  of  an  insurance  against  the  acquisition  of  wealth, 
so  that  for  professional  men  no  subject  is  of  greater  importance 
than  the  study  of  investments,  and  from  a  personal  point  of  view 
this  cannot  start  too  soon. 
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THE  RELATION  OF  THE  MANUFACTURING  COMPANY 
TO  THE  TECHNICAL  GRADUATE 


BY  B.  A.   BEHREND 


Even  though  in  times  of  business  depression  it  may  seem  to 
us  as  if  there  were  more  appHcants  than  positions,  yet  no  thought- 
ful man  denies  that,  while  the  number  of  positions  in  such 
times  may  have  greatly  decreased,  the  importance  of  filling 
them  by  thoroughly  capable  and  competent  people  has  corre- 
spondingly increased.  For  example,  a  position  which,  in  times 
of  exceptional  prosperity  may  be  filled  fairly  well  by  an  average 
man,  will  be  sorely  in  need  of  a  man  of  exceptional  ability 
when  business  prosperity  is  on  the  wane.  If  there  is  any  one 
fact  more  patent  than  another  it  is  the  fact  that  there  is  always 
room  at  the  top  of  the  ladder  for  men  of  integrity,  of  moral 
courage,  and  of  intellect.  There  are  plenty  of  men  who  possess 
any  one  of  these  qualities;  there  are  few  who  possess  all  three, 
and  these  the  manufacturing  companies,  or  the  world  at  large, 
most  require.  In  their  anxiety  to  secure  the  raw  recruits  for 
officers  thus  endowed,  the  manufacturers  turn  of  necessity  to  the 
universities  and  their  graduates. 

It  must  be  granted  that  the  colleges  possess  an  almost  un- 
limited potentiality  for  improving  the  human  material  turned 
over  to  them  to  shape  and  polish,  and,  it  seems  to  me,  considering 
the  results  obtained,  they  are  doing  very  well  in  this  shaping 
and  polishing  process.  But  they  are  not  always  supported  in 
the  right  direction  by  the  manufacturing  companies.  To  allude 
to  one  instance  only,  I  refer  to  the  manner  iii  which  the  manu- 
facturing company  seeks  the  young  graduate,  instead  of  letting 
him  do  the  seeking.  He  thus  gains,  at  the  outset,  an  exag- 
gerated idea  of  his  importance,  and  an  independence  which  is 
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not  conducive  to  the  development  of  those  qualities  which  make 
thoughtful  and  painstaking  men.  Our  graduates  are  chiefly 
deficient  in  these  qualities,  and  this  is  due,  not  so  much  to  an 
innate  deficiency  in  this  direction,  as  to  the  fact  that  the  in- 
cipient faculty  has  never  been  properly  awakened  and  cultivated. 
There  is  abroad  amongst  our  colleges  and  their  graduates  a 
most  ominous  disdain  for  painstaking  accuracy  and  devotion  to 
laborious  detail,  so  essential  to  all  really  great  work  in  engi- 
neering. The  wish  to  take  someone-else*s  thought  and  work 
and  make  it  a  commercial  success,  which  is  so  prominent  a 
feature  of  our  business  life,  is  easily  explainable,  thou^^h  not 
so  easily  excusable.  Men  of  ability  realize  that  the  same 
effort  turned  into  the  channels  of  commercial  work  will  be 
productive  of  better  returns  than  they  would  obtain  by  pains- 
taking working  out,  for  instance,  the  design  and  construction 
of  electrical  machines.  In  this  case,  even  though  their  work 
may  have  met  with  eminent  commercial  success,  our  business 
methods  are  not  much  concerned  \\rith  a  debt  of  gratitude  or 
obligation  to  the  men  that  did  the  building  up.  Here  lies  a 
menace  to  the  stability  and  continued  prosperity  of  our  manu- 
facturing industries  which  must,  in  time,  be  remedied,  lest  it 
produce  a  far-reaching  result  in  discouraging  graduates  of  our 
colleges  from  the  pursuit  of  new  and  important  creative 
engineering  work,  with  the  result  that  we  will  have  to  draw  on 
other  countries  for  a  supply  of  well-trained  engineering  brains. 
The  managers  of  our  manufacturing  plants  can  do  as  much 
toward  the  development  of  right  views  and  proper  education, 
as  can  the  teachers  and  organizers  of  the  colleges.  The  foimer 
need  to  study  more  sympathetically  the  condition  of  the  latter, 
and  vice  versa.  There  are  very  poor  pretenses  of  both  managers 
and  teachers  in  this  world,  and  it  is  obvious  that  **  the  highest 
gifts  are  not  always  brought  to  the  highest  place."  Education 
is  a  very  good  thing,  but  it  cannot  give  the  qualities  which  it 
should  develop.  Those  who,  like  the  writer,  have  been  instru- 
mental in  the  building  up  of  large  manufacturing  organizations, 
recognize  that  the  absence  of  moral  qualities  frequently  mars 
a  successful  career,  as  frequently,  perhaps,  as  the  absence  of 
purely  intellectual  qualities.  Success  often  accompanies  the 
work  of  men  possessing  ability,  untempered  by  scrupulous  re- 
straint. Examples  of  this  kind,  so  plentiful,  have  left  a  detri- 
mental impression  on  the  minds  of  aspiring  young  men.  The 
thoughtful  words  of  Mr.  James  Bryce,  that  this  country  **   .    .   • 
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has  the  glorious  privilege  of  youth,  the  privilege  of  committing 
errors  without  suffering  from  their  consequences  ",  remind  us 
that  many  of  our  faults  are  not  visited  upon  us  with  the  un- 
erring justice  they  deserve,  because  of  the  actual  and  potential 
wealth  of  this  country  in  its  present  state  of  youthful  and 
vigorous  development.  But  let  us  not  be  deceived  perma- 
nently into  believing  that,  with  our  population  increasing  in 
geometric  progression  and  thickening  in  our  cities  and  manu- 
facturing centers,  many  of  the  crude  and  lavish  methods,  de- 
spite which  our  industry  is  the  most  flourishing  in  the  world, 
can  be  permanently  retained  without  doing  infinite  harm. 
Space  does  not  permit  me  to  do  more  than  to  indicate  the  line 
of  thought  I  wish  to  suggest.  We  need  both  character  and  in- 
tellect in  our  graduates,  which  should  be  cultivated  by  close  co- 
operation between  the  manufacturing  companies  and  the  col- 
leges, but  for  creating  which  no  panacea  has  as  yet  been  de- 
vised. 
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Discussion  on  "  A  New  Method  of  Training  Engineers," 
AND  **The  Relation  op  the  Manufacturing  Company 
TO  the  Technical  Graduate.'*  Atlantic  City,  N.  J., 
July  2,  1908. 

B.  A.  Behrend:  Permit  me  to  discuss  the  paper  by 
Mr.  Alexander,  suggesting  a  new  method  for  training  engineers 
by  alternating  shop  work  with  college  work.  Let  us  see  how 
difficult  it  would  be  to  have  such  courses  at  institutions  situated 
far  away  from  manufacturing  centers  like  Cornell,  Leland  Stan- 
ford, University  of  Wisconsrn,  or  Pennsylvania  State  College. 
How  could  the  students  in  these  universities  attend  the  lectures 
for  one  week  and  go  into  the  shops  for  the  next  week,  or  for  one 
month  and  go  into  the  shop  for  the  nevt  month?  There 
are  no  shops  or  manufacturing  plants  near  enough  in  which 
the  students  could  pursue  practical  work,  and  thus  the 
proposed  **  Cooperative  System  *'  is  altogether  impossible  in  a 
large  number  of  our  imiversities.  Furthermore,  be  it  remem- 
bered that  there  are  only  half  a  dozen  manufacturing  companies 
in  this  country  in  which  the  variety  of  work  is  great  enough 
to  give  the  student  an  idea  of  the  engineering  and  manufacturing 
problems  arising  in  the  building  of  electric  motors  and  generators, 
incandescent  lamps,  steam  turbines,  gas  engines,  and  other 
machinery.  In  small  shops,  confined  to  the  making  of  special- 
ties, the  student  is  not  apt  to  learn  more  than  the  mere  handi- 
craft. Trades  have  ceased  to  be  crafts,  as  discoveries  and  in- 
ventions are  constantly  changing  the  industries  so  that  appren- 
ticeship to  a  certain  trade  is  gradually  losing  its  importance. 
Knowledge  of  fundamental  principles  alone  can  successfully 
take  the  place  of  the  old  apprenticeship  course.  The  coopera- 
tive system  of  education,  as  I  interpret  it,  in  accordance 
with  Mr.  Alexander's  suggestions,  would  effectively  prevent 
the  student  from  concentrating  his  mind  on  any  subject 
whatsoever.  I  have  never  seen  a  complex  question  which 
could  be  Completely  solved  or  brought  to  a  conclusion 
within  a  week's  time  or  a  month's  time.  Take  a  boy  off  the 
work  and  put  him  into  the  shop,  and  what  is  to  become  of  the 
labor  he  has  expended  in  familiarizing  himself  with  the  prob- 
lem? Vice  versa,  put  a  boy  in  a  machine  shop  or  foundry  and 
teach  him  for  a  week  the  kinks  of  the  trade,  and  then  send  him 
back  to  school  for  another  week  or  a  month :  what  is  to  become 
of  the  labor  which  he  has  expended  in  familiarising  himself  with 
his  shop  work?  In  either  case  the  work  and  time  spent  in 
preparation  will  be  entirely  wasted.  It  is  like  starting  and 
stopping,  accelerating  and  retarding  the  boy's  mind  continually 
instead  of  allowing  him  to  obtain  a  given  velocity  and 
momentum. 

The  term  **  engineer  "  is  made  to  cover  so  wide  a  field  that  it 
is  necessary  to  define  it  to  prevent  confusion.  The  engineer 
who  is  bred  at  a  university  should  have  full  command  of  the- 
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oretical  knowledge.  He  should  learn  at  the  University  princi- 
pally what  he  cannot  learn  in  after  life.  After  graduation  he 
may  obtain  some  practical  shop  experience  and,  if  he  happens  to 
be  an  electrical  engineer,  he  may  pass  through  the  two  years 
students'  course  of  any  one  of  the  large  manufacturing  com- 
panies. With  some  shop  work  during  his  vacations,  and  probably 
a  year's  shop  work  after  graduation  from  high  school,  his  train- 
ing should  not  be  held  responsible  if  he  does  not  become  a 
successful  engineer. 

There  is,  however,  a  much  wider  field  for  men  in  possession 
of  some  moderate  theoretical  training  and  of  good  practical 
knowledge.  A  large  number  of  electrical  and  mechanical  engi- 
neers are  needed  in  the  manufacturing  industries  as  foremen, 
superintendents,  and  master  mechanics,  to  whom  a  long  scientific 
training  would  be  of  little  or  no  advantage.  For  the  training 
of  such  men  there  are  provided  abroad  technical  schools,  pro- 
fessional schools,  or  technical  middle  schools  as  they  are  called, 
in  which  such  a  cooperative  course  might  be  feasible.  You 
need  to  give  these  men  chiefly  a  practical  education  and  enough 
light,  as  far  as  theory  is  concerned,  to  obtain  an  insight  into  the 
principles  and  the  working  of  the  machinery  which  they  handle 
and  take  care  of. 

If  we  set  aside  certain  colleges  of  ours  for  the  purpose  of 
giving  a  good  practical  education  to  a  class  of  men  who  are 
not  likely  to  be  concerned  in  later  life  with  the  difficult  and 
complex  questions  of  engineering,  I  can  see  no  objection  to 
adopting  a  cooperative  course  in  these  technical  schools. 
When,  however,  we  are  told  that  this  alternating  course  should 
be  introduced  into  our  universities,  permit  me  to  say  with 
much  emphasis  that  I  think  this  is  the  most  vicious  educa- 
tional innovation  that  has  been  proposed  in  recent  years. 

J.  P.  Jackson:  I  have  heard  many  times  the  statement  that 
the  college  graduate  is  not  prepared  for  his  place  in  the  world 
when  he  leaves  college.  In  reply  to  this  criticism,  I  would  like 
to  say  to  the  practising  engineers,  that  if  such  is  the  case, 
they  alone  are  responsible.  The  engineering  college  is  their 
servant,  and  they  can  make  it  what  they  wish.  It  is  their 
duty,  as  practising  engineers,  to  take  a  positive  and  actual  part 
in  the  college  work. 

Mr.  Rushmore  said  that  in  teaching,  we  must  consider  the 
costs  and  economic  questions.  In  our  technical  courses  we 
have  been  weak  in  political  science,  in  social  and  economic 
science,  and  in  history.  I  consider  that  general  history  should 
deal  with  scientific  development,  as  much  as  with  political  and 
economic  movements,  and  I  want  to  refer  the  weakness  in 
this  subject  to  your  educational  committee  as  one  worthy  of 
consideration.  Along  with  suitable  history,  extending  to  the 
end  of  the  course,  should  be  studies  in  political  science. 

Elihu  Thomson  (by  letter):  Mr.  Alexander  has  so  fully  de- 
scribed the  proposed  plan  of  codperative  education  for  the 
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training  of  engineers  that  it  is  not  necessary  to  refer  to  any  of 
its  details  which  would  naturally  be  the  subject  of  modification, 
according  to" the  results  of  experience.  The  plan  itself  or  some 
modification  of  it  has  seemed  to  me  to  present  the  possibility 
of  results  of  such  value  that  it  is  worthy  of  an  earnest  trial. 
Experience  only  can  determine  its  true  relation  to  other  methods 
and  courses  of  education.  Involving  as  it  does  the  feature  of 
allowing  the  student  to  earn  reasonable  pay  for  his  shop  work,  it 
would  serve  as  a  material  assistance  to  those  upon  whom  the 
expenses  of  the  ordinary  technical  school  would  bear  very 
heavily,  or  become  a  preventive  of  the  attendance  of  those 
otherwise  well  fitted  therefor.  It  would  act  to  broaden  oppor- 
tunity, and  this  is  of  course  very  desirable  in  these  days.  Nat- 
urally such  an  education  must  be  limited  to  those  who  manifest 
a  capacity  for  it,  and  it  would  assist  the  student  in  an  early 
determination  of  his  fitness  or  natural  aptitude  for  various  kinds 
of  work. 

The  earlier  this  discovery  or  determination  is  reached  the  better 
it  will  be,  serving  as  a  guide  in  future  development.  Naturally 
a  combined  course  such  as  that  outlined  in  Mr.  Alexander's 
paper  cannot  be  completed  except  by  an  extension  of  time  of 
the  school  period.  It  is  assumed,  however,  that  upon  the  com- 
pletion of  the  period  of  six  y^ars,  the  student  will  have  the  very 
real  advantage  of  having  had  contact  with  actual  practical 
work  and  its  conditions  instead  of  requiring  much  time  to  adapt 
himself  to  them.  The  attitude  of  the  engineering  or  manu- 
facturing company  towards  the  plan  will  depend  on  possible 
benefits,  such  as  securing  for  its  force  a  selection  of  men  well- 
trained  practically  and  theoretically. 

Percy  H.  Thomas:  Broadly  speaking,  the  theoretical  train- 
ing of  an  engineer,  in  my  judgment,  should  come  properly  before 
his  familiarity  with  commercial  work.  On  the  other  hand, 
he  cannot  get  the  full  benefit  of  his  theoretical  training  without 
some  knowledge  of  commercial  conditions.  Since  the  latter  part 
of  his  theoretical  training  is  the  period  in  which  a  knowledge  of 
practical  work  is  of  the  greatest  importance,  it  would  seem  that 
the  gain  which  can  be  obtained  by  interiinking  the  school  train- 
ing with  the  practical  work  may  be  obtained  by  overlapping  the 
last  part  of  the  school  course  with  the  beginning  of  the  practical 
work.  To  carry  this  overlapping  further  at  the  present  time 
would  appear  to  me,  however,  to  be  a  great  risk. 

I  notice  that  Mr.  Alexander  suggested  the  cutting  out  of  the 
shop  work  at  the  college.  I  do  not  believe  that  this  would  be 
wise.  The  character  of  the  training  from  the  college  shop 
work  should  be  a  very  different  thing  from  the  practical  experi- 
ence in  the  factory.  There  is  much  about  the  nature  of  ma- 
terials and  the  characteristics  of  machine  tools  which  is  gotten 
very  imperfectly,  if  at  all,  in  the  factory,  and  is  gotten  very 
quickly  in  the  college  workshop. 

The  distracting  of  attention  from  the  theoretical  ground- 
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work  of  a  man's  education  before  its  substantial  completion, 
by  awakening  a  keen  interest  in  the  commercial  work,  is  a  great 
danger.  I  do  not  believe  that  the  man  before  graduation  should 
be  permitted  to  get  deep  enough  into  the  commercial  work  of 
the  manufacturing  company  really  to  feel  its  inspiration. 

If  there  be  any  advantage  to  a  poor  student,  by  his  being 
able  to  utilize  his  labor  in  the  factory,  this  fact  is  to  be  con- 
sidered, and  commended;  but  personally  I  do  not  believe  that 
this  consideration  is  a  controlling  factor.  The  dropping  of  the 
v/ork  in  the  factory  to  return  to  the  college  is  an  incidental 
disadvantage  to  the  man  who  wishes  to  get  ahead,  in  that 
whatever  connection  he  may  have  gained  in  a  certain  definite 
line  of  work  is  thereby  broken. 

Morgan  Brooks:  Mr.  Alexander  has  taken  up  this  question 
from  the  manufacturer's  standpoint.  I  desire  to  say  a  few 
words  from  the  point  of  view  of  the  technical  school.  Many  of 
the  boys  entering  college  directly  from  the  high  school  are 
entirely  too  young  to  do  satisfactory  work  in  a  manufacturing 
establishment.  College  training  for  the  youth  is  not  merely 
mechanical  drawing  or  mathematics,  but  it  is  the  developing 
of  character.  I  assume  that  Mr.  Alexander  has  in  mind 
men  of  twenty-one  or  more  who  lack  a  college  training. 
We  sometimes  get  boys  of  sixteen  who  need  college  restraint 
and  discipline  as  well  as  physical  training  before  they  are 
ready  for  heavy  work. 

The  difficulty  of  arranging  alternating  periods  for  a  group  of 
students  would  be  very  great,  unless  every  individual  were 
required  to  take  the  same  work.  Election  of  subjects  such  as 
German,  French,  English,  or  history,  and  the  selection  of 
different  technical  subjects  as  well,  would  be  impracticable.  We 
would  find  only  one  or  two  students  out  of  twenty  who  would 
wish  to  take  certain  courses,  and  it  would  not  be  feasible  to 
assign  separate  instructors  to  each  of  these  small  classes.  The 
student  would  be  obliged  to  adopt  a  course  selected  by  others, 
and  thus  lose  one  of  the  opportunities  of  a  university — the 
selection  of  subjects  according  to  his  own  taste  or  need.  By 
making  the  period  of  alternation  the  half  year  or  college  semester 
this  objection  would  be  greatly  reduced. 

College  training  should  not  necessarily  be  expected  to  turn  out 
a  productive  engineer  upon  graduation.  At  first,  graduates 
are  often  at  a  disadvantage  compared  with  regular  apprentices, 
but  the  fact  that  they  rapidly  attain  success  is  proof  of  the 
value  of  a  technical  training.  The  failure  of  some  techni- 
cally trained  men  ought  not  to  create  surprise.  Training 
can  only  increase  opportunity  or  accelerate  progress ;  it  cannot 
produce  an  engineer  from  nothing.  The  men  who  are  success- 
ful without  college  training,  and  we  have  many  such,  would 
no  doubt  have  gained  success  more  quickly  with  it.  They 
are  the  kind  of  men  to  make  their  mark  in  spite  of  the  lack  of 
technical  education, 
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Henry  H.  Rorris:  Mr.  Alexander  outlines  a  plan  for  im- 
proving technical  education  which  differs  from  the  standard 
method  in  that  practical  and  theoretical  instruction  are  separated 
3,nd  alternated.  While  it  possesses  many  obvious  advantages, 
from  the  teacher's  standpoint  this  cooperative  plan  appears  to 
ignore  certain  difficulties  with  which  the  educator  has  to  con- 
tend. Although  the  technical  student  is  in  many  ways  an  ideal 
pupil,  he  has  certain  characteristics  which  must  be  kept  in 
mind  in  devising  plans  for  improving  present  methods,  which 
are  the  result  of  evolution  and  which  are,  presumably,  as  satis- 
factory as  can  be  expected  under  existing  conditions.  In 
technical  education  the  teachers  must  work  and  plan  for  the 
average  student.  The  brilliant  student  does  not  concern  them 
particularly,  nor  does  the  very  poor  student;  the  former  looks 
out  for  himself,  and  the  latter  is  automatically  taken  care  of  by 
a  natural  process  of  elimination.  The  average  student  is  the 
one  whose  characteristics  must  be  kept  in  mind  in  discussing 
any  particular  plan. 

In  the  first  place,  the  average  man  prefers  to  work  with  his 
hands  rather  than  with  his  head;  for  example,  a  student  will 
usually  take  more  interest  and  pleasure  in  building  and  testing 
a  motor  than  he  will  in  calculating  accurately  what  the  torque 
in  that  motor  will  be  when  the  machine  has  certain  physical 
characteristics.  Again,  students  lose  interest  in  theory  when 
they  become  very  much  absorbed  in  practical  work;  that  is, 
they  seem  to  like  the  practice  better  than  they  do  the  theory. 
Therefore,  in  technical  training  there  should  be  included  just 
enough  practice  to  produce  facts  to  think  with,  and  no  more; 
just  enough  facts  to  furnish  the  material  for  organization. 

A  second  and  important  feature  is  that  there  is  always  a  loss 
of  time  in  starting  up  after  a  change  in  mental  occupation 
TJbis  is  illustrated  particularly  in  the  case  of  vacations.  There 
is  a  lag  of  a  week  or  ten  days  after  a  vacation  before  the  mental 
machinery  gets  into  smooth  working  order.  The  student  in 
taking  up  his  work  at  the  end  of  a  vacation  acts  as  if  he  had  a 
large  inductance,  and  toward  the  end  of  the  term  he  acts  as  if 
he  had  a  large  capacity;  he  starts  slowly,  he  stops  quickly. 
During  the  past  year  at  Sibley  College,  the  problem  of  reducing 
the  frequency  of  these  oscillations  or  alternations  of  work  has 
received  careful  attention.  Many  professors  advocated  terms 
of  four  months,  without  interruption,  alternated  with  vacations 
of  substantial  length.  The  general  faculty  of  the  university 
rejected  the  plan  because  there  was  difficulty  in  arranging  a 
schedule  to  meet  the  needs  of  all  the  colleges  of  the  university, 
but  Sibley  College  stood  for  a  plan  involving  two  complete 
cycles  per  year. 

A  third  fact  which  has  a  bearing  on  the  cooperative  plan  is 
that  when  an  individual  knows  that  a  task  is  to  be  dropped, 
whether  completed  or  not,  at  a  certain  time,  he  loses  a  sense  o 
responsibility  with  reference  to  that  task.     This  sense  of  re- 
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sponsibility  is  an  important  element  in  successful  teaching  and 
it  should  be  retained  to  the  maximum  possible  extent. 

There  has  been  some  discussion  as  to  the  place  of  shop  work 
in  the  college.  In  my  opinion  shop  work  should  be  kept  in  the 
college  curriculum,  because  the  shop  is  the  laboratory  for  teach- 
ing the  principles  of  manufacturing.  The  principles  of  manu- 
facturing can  be  taught  better  in  college,  by  competent  persons, 
than  in  the  manufacturing  establishment  itself. 

Mr.  Rushmore  suggests  another  plan  for  improving  tech- 
nical education.  This  involves  no  radical  departure  from 
existing  practice,  but  rather  a  more  efficient  use  of  the  means 
already  at  command.  In  most  of  the  colleges  there  exist 
arrangements  whereby  advanced  degrees  may  be  secured 
in  absentia,  by  proper  registration  and  examination.  In  many 
cases  the  present  methods  of  administering  and  supervising  this 
work  need  considerable  improvement. 

Charles  P.  Steinmetz:  Speaking  from  the  point  of  view  of  the 
college  professor,  I  appreciate  that  there  are  many  things  which 
it  v.-ould  be  very  desirable  and  important  to  teach  in  college,  such 
as  factory  management,  shop  work  and  languages.  We  could 
teach  them  if  we  had  a  college  course  of  eight  or  ten  years.  The 
question  is  not  what  it  would  be  desirable  to  teach  in  these 
four  years,  because  we  cannot  possibly  teach  in  four  years 
everything  that  the  electrical  engineer  should  know. 

It  appears  to  me  that  the  guiding  principle,  in  regard  to  what 
should  be  taught  and  what  should  not  be  taught,  is  that 
the  college  should  teach  all  that  which  the  young  man  can  never 
learn  after  leaving  college,  and  drop  all  those  things  which  the 
young  man  can  learn  after  leaving  college.  The  humanities, 
the  scientific  foundations  of  electrical  engineering — such  as 
mathematics,  principles  of  mechanical  and  civil  engineering, 
engineering  mechanics,  physics,  chemistry — these  cannot  well 
be  learned  afterwards,  but  subjects  like  practical  work,  factory 
management,  business  administration,  etc.,  while  very  essential 
and  very  important,  can  be  learned  afterwards,  and  usually 
better  than  in  college. 

Colleges  have  been  criticised  because  the  young  men  are 
not  fit  immediately  to  fill  important  industrial  positions,  but 
have  to  learn  in  practice  what  the  college  can  not  give  them. 
Now  from  my  other  point  of  view,  that  of  a  user  of  young  men, 
I  do  not  consider  this  state  of  affairs  a  criticism  of  the  college. 
On  the  contrary,  if  a  college  were  to  turn  out  young  men  who 
could  immediately  drop  into  positions  in  our  industrial  organiza- 
tions, I  would  very  strongly  suspect  that  that  college  had 
wasted  the  young  men's  time  by  teaching  them  things  which 
they  could  learn  just  as  well,  if  not  better,  afterwards;  and  that, 
therefore,  many  things  which  they  should  know  but  can  not 
learn  afterwards  had  not  been  taught.  I  do  not  believe  the 
college  graduate  should  be  expected  to  be  ready  to  enter  im- 
mediately  into  full  engineering  practice;  I  believe  he  should 
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have  all  the  requirements  to  develop  in   due    time    into   a 
first-class  engineer. 

We  must  not  forget,  however,  that  the  college  is  not  the 
only  educational  institution.  There  are  other  important 
educational  institutions  for  electrical  engineers.  There  are 
trade  schools  and  correspondence  schools.  They  do  work  the 
importance  of  which  many  of  you  do  not  appreciate,  work  of 
the  highest  value,  and  I  want  to  speak  here  for  them  and  draw 
attention  to  them  so  that  we  may  give  them  proper  recognition. 

Dugald  C.  Jackson:  We  must  remember  that  the  problem  of 
education  is  physiological  and  psychological.  Education  is  not 
one  of  the  exact  sciences.  The  American  Institute  of  Electrical 
Engineers  has  had  placed  before  it  in  more  than  one  paper  the 
very  distinct  difficulty  which  engineers  find  in  appl)dng  mathe- 
matical equations  to  the  phenomena  of  what  we  call  the  exact 
sciences,  such  as  physics,  and  we  may  as  well  start  upon  the  propo- 
sition that  we  have  no  basis  upon  which  to  lay  even  the  foun- 
dation for  an  equation  of  education.  We  are  consequently  com- 
pelled to  rely  entirely  on  the  experience  of  the  past  in  drawing  our 
conclusions  in  respect  to  education.  This  is  a  very  unsatisfactory 
basis  upon  which  to  found  an  advance,  but  it  is  the  best  we 
have.  In  passing,  I  may  say  that  it  is  as  good  a  foundation  as 
Watt  had  for  his  physical  science  at  the  time  that  he  made  the 
modem  steam  engine;  it  is  as  good  a  foundation  as  George 
Stephenson  had  for  his  physical  science  when  he  succeeded  in 
demonstrating  that  steam  locomotives  could  cope  with  hors?s 
and  displace  them  for  transportation;  and  it  is  as  good  a  founda- 
tion as  was  possessed  for  their  physical  science  by  most  of  the 
great  inventors  who  produced  the  fundamental  processes  of 
our  present  industries  and  brought  us  the  kind  of  civilization 
we  know  today.  We  may  therefore  believe  that  there  is  no 
reason  for  pessimism  because  we  do  not  yet  possess  a  firmer 
foundation  for  our  reasoning  about  the  methods  of  education. 

As  far  as  engineers*  education  is  concerned,  I  think  we  will 
agree  that  we  are  here  looking  at  it  as  professional  education. 
We  will  probably  all  of  us  agree  that  we  want  to  see  the  greater 
engineering  schools  aim  at  producing  men  of  tremendous  worth 
who  will  go  far  as  engineers.  The  lesser  engineering  schools, 
trades  schools,  and  others,  will  take  care  of  the  lower  grades  in 
the  engineering  arts;  but  so  far  as  the  greater  engineering 
schools  are  concerned,  their  educational  efforts  should  rest  on 
a  foundation  of  fine,  thoughtfully  taught  literature,  history 
and  the  other  subjects  of  **  humanistic  "  interest,  including  the 
languages;  but  whatever  these  efforts  are  founded  on,  it  is 
distinctly  professional  education  that  the  engineering  schools 
must  carry  on. 

The  history  of  engineering  training  has  much  in  common 
with  the  experiences  of  other  professional  branches.  The 
early  engineers  were  trained  by  becoming  articled  ap- 
prentices to  principals  who  were  supposed  to  direct  their  reading 
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in  natural  philosophy  and  the  like,  and  at  the  same  time  give 
them  opportunities  for  actual  engineering  work.  The  earlier 
engineering  schools  dealt  with  civil  engineering.  They  afforded 
advantages  over  the  older  way  because  the  students  were  re- 
quired to  study  with  greater  fidelity,  and  practice  of  the  old 
type  of  civil  engineering  could  be  actually  mixed  with  the 
studies.  The  situation  has  been  quite  different  with  the  pro- 
visions for  mechanical -engineering  and  electrical-engineering 
students.  School  shops,  however  well  operated,  have  never 
afforded  an  equivalent  of  the  inspiration  or  the  practice  that 
may  be  derived  from  association  with  a  large,  diversified,  and 
well-run  manufacturing  establishment.  In  the  latter  respect, 
the  engineering  schools  now  labor  under  the  disabilities  analogous 
to  those  pertaining  to  the  law  schools  before  the  general  study 
of  cases  and  practice  in  the  moot  courts  were  introduced  in  associa- 
tion with  the  study  of  the  philosophy  of  the  law,  and  to  those 
pertaining  to  the  medical  schools  before  the  association  with 
hospital  and  general  practice  was  thoroughly  worked  out. 

It  seems  to  me  that  Mr.  Alexander's  proposition  has  a  strong 
foundation  of  precedent  resting  on  professional  education  in 
other  branches,  and  that  the  plan  is  one  to  which  it  is  desirable 
to  give  a  full  and  complete  trial;  and  it  is  to  be  hoped  that  ar- 
rangements can  be  made  for  such  a  trial  to  be  given.  I  have  had 
an  opportunity  to  study  carefully  Mr.  Alexander's  particular  pro- 
position. I  have  become  convinced  that  this  plan  properly  utilized 
may  do  much  for  engineering  education,  as  the  analogous  plan 
properly  utilized  has  already  done  much  for  law  and  medical  edu- 
cation. Such  a  plan  would  not  convert  the  young  men  into  engi- 
neers who  would  be  prepared  to  do  the  work  that  can  only  be  done 
by  men  of  twenty-five  years*  professional  experience,  but  it  would 
afford  the  young  men  a  scientific  and  humanistic  training  equal 
to  that  which  they  now  get  in  the  best  engineering  courses  plus 
much  more  acquaintance  with  the  qualities  of  men  and  affairs 
than  they  now  get  in  two  years  of  what  are  called  "  student 
apprentice  courses  *'  in  the  factories.  In  addition  to  all  that, 
the  young  men  who  followed  a  well-administered  plan  of  the 
type  proposed  by  Mr.  Alexander  would  have  pursued  their 
scientific  and  humanistic  studies  in  the  school  with  an  apprecia- 
tive imderstanding  of  the  tremendous  results  that  can  be  brought 
about  through  cooperative  effort,  and  of  the  necessity  of  de- 
pendability and  thoroughness  in  all  important  work,  and  also  of 
the  tremendous  possibilities  which  exist  for  the  use  of  the  highest 
type  of  talent  in  .the  engineering  industries.  In  these  three  im- 
portant factors,  which  should  lend  an  inspiration  and  a  quicken- 
ing of  ambitions  of  the  highest  importance,  our  young  men  now 
graduating  from  engineering  schools  are  commonly  defective. 
It  seems  plain  to  me  that  the  engineering  schools  must  in  some 
manner  improve  their  processes  if  they  are  to  make  the  men 
who  will  go  far  in  the  engineering  industries  of  the  future;  and 
if  they  are  to  try  an  experiment,  there  is  nothing  which  looks 
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more  likely  to  bring  good  results  than  this  plan  which  is  an 
analogue  of  the  plan  that  has  worked  advantageously  for  the 
medical  schools  and  the  law  schools. 

I  do  not  mean  to  suggest  that  it  is  necessary  to  have  every 
engineering  school  close  to  a  great  manufacturing  establish- 
ment in  order  that  the  improvements  which  are  here  in  mind 
may  be  substantially  brought  about.  An  engineering  school  of 
fine  grade  close  to  a  great  manufacturing  establishment  which 
carries  on  a  highly  diversified  business,  and  which  is  well  organ- 
ized, and  which  will  deal  with  this  sort  of  experiment  in  a  sym- 
pathetic manner,  will  possess  an  advantage  due  to  its  position. 
But  the  schools  that  are  isolated  can  work  out  their  own  shop  and 
laboratory  methods  so  as  to  bring  very  much  of  the  same  plan 
into  effect;  though  it  is  my  belief  that  no  engineering  school 
has  yet  approached  the  requirements,  and  also  that  an  inspira- 
tion may  be  secured  by  the  students*  association  with  proper 
manufacturing  establishments  which  cannot  be  obtained  in  the 
school  shops. 

C.  A.  Adams:  Whatever  prejudice  or  preconceived  opinions 
one  may  have  against  this  plan  of  cooperative  engineering 
education,  there  are  certain  of  the  advantages  claimed  for  it 
which  are  so  desirable  as  to  make  one  wish  to  see  the  experi- 
ment have  a  fair  trial.  Personally  I  am  not  yet  ready  to  take 
a  decided  stand  for  or  against  the  plan,  although  I  incline  to 
the  opinion  that  its  success  will  be  much  more  limited  than  its 
promoters  seem  to  anticipate. 

The  principal  advantages  which  would  accrue  under  the  best 
conditions,  in  the  order  of  their  importance  in  my  mind,  are: 
first;  social — the  value  of  a  fairly  intimate  association  with 
large  numbers  of  the  so-called  laboring  class,  the  new  point  of 
view  usually  involved  in  such  association;  a  consequent  better 
preparation  for  the  duties  of  citizenship;  a  better  appreciation 
of  the  advantages  of  a  college  education,  and  more  sympathy 
for  those  less  fortunate :  secondly;  educational — the  advantages 
under  this  head  have  been  fully  described  by  Mr.  Alexander. 

The  principal  disadvantages  are:  first,  the  numerous 
practical  obstacles  to  the  carrying  out  of  any  such  plan,  such 
as  the  difficulty  in  coordinating  the  college  and  shop  work  where 
there  are  several  groups  of  men  taking  quite  different  college 
courses;  the  frequent  change  of  residence;  and  the  difficulty  in 
finding  suitable  shops  where  the  influences  are  such  as  to  make 
possible  the  attainment  of  the  advantages  above  described; 
secondly,  the  danger  of  over-emphasizing  the  commercial  side 
of  engineering.  This  I  consider  a  very  serious  danger,  although 
I  realize  that  there  are  different  opinions  on  this  point. 

A  system  adopted  in  Harvard  University  recently,  follows 
pretty  closely  the  suggestions  made  by  Dr.  Steinmetz.  Each 
undergraduate  registers  in  Harvard  College,  where  his  studies 
are  almost  wholly  elective.  If  his  preference  be  engineering, 
he  is   advised   to   lay    a    good    broad    foundation  in  science, 
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mathematics  and  languages,  and,  where  time  permits,  to  take 
some  general  or  cultural  courses.  Meantime  he  associates 
more  or  less  with  men  studying  in  widely  different  fields  and 
has  every  opportunity  to  determine  whether  or  not  his  taste 
and  ability  lie  in  the  direction  of  engineering,  and  if  not,  in  what 
direction  they  do  lie.  After  the  completion  of  a  certain  number 
of  courses,  he  receives  the  appropriate  degree,  A.B.  or  S.B.  If  the 
student  still  prefers  engineering  after  graduation,  he  registers  in 
the  Graduate  School  of  Applied  Science  where  he  completes 
his  engineering  studies  in  two  or  three  years  more,  and  receives 
the  degree  of  master  in  electrical  engineering  or  in  the  appro- 
priate field.  This  school  is  thus  a  professional  school  similar  to 
the  law  and  medical  schools.  Its  advantages  over  the  old 
arrangement  are:  first,  it  insures  a  more  mature  choice  of 
profession  and  eliminates  many  students  wholly  unfitted  for 
engineering,  but  started  in  that  direction  by  some  one  of  the 
numerous  chance  elements;  secondly,  it  encourages  a  more 
substantial  foundation  and  a  broader  education:  thirdly, 
it  does  not  force  each  man  through  the  same  machine,  but 
adapts  the  work  to  the  wants  of  the  individual.  In  short,  it 
makes  for  a  higher  efficiency  of  education. 

A.  F.  Ganz:  If  I  correctly  understand  Mr.  Alexander's 
cooperative  plan,  it  is  based  on  the  principle  that  the  student 
should  learn  some  theory,  then  go  into  the  factory 
and  get  some  practice  on  that  theory;  on  that  basis  he  has 
planned  a  six  year  course,  which  is  equivalent  substantially  to 
three  years  of  factory  work  and  three  years  of  college  work. 
Now  all  of  us  who  have  been  teaching  in  technical  schools  know 
that  our  present  four-year'  course  is  already  crowded,  and 
this  proposition  would  cut  down  our  time  for  teaching  theory 
from  four  years  to  three  years.  Mr.  Alexander  suggests  that 
the  time  can  be  gained  by  cutting  out  shop  work,  a  large  part 
of  laboratory  work,  and  mechanical  drawing.  I  do  not  be; 
lieve  that  is  possible.  If  the  shop  work,  the  laboratory  work, 
and  the  mechanical-drawing  work  have  been  properly  planned, 
— that  is  to  give  the  student  that  information  which  he  cannot 
get  in  practice — then  I  do  not  believe  that  the  practical  work 
in  the  factory  can  be  made  to  take  the  place  of  the  laboratory 
work  and  of  the  mechanical  drawing.  I  believe  that  it  is  the 
main  function  of  the  laboratory  to  run  parallel  with  the 
theoretical  course  in  the  class-room,  and  to  give  to  the  student 
practice,  with  his  hands,  of  the  theory  which  he  has  learned  in 
the  classroom. 

I  thoroughly  believe  in  allowing  the  graduate  from  the  technical 
school  go  into  the  shop  and  get  practical  experience;  but  three 
years  of  practical  work  mixed  in  with  three  years  of  theory  is 
too  large  a  proportion  of  practice.  When  we  look  through  the 
usual  curricula  of  our  technical  courses,  we  find  in  the  first  two 
years,  largely,  subjects  like  mathematics,  physics,  chemistry, 
and  general  cultural  subjects.     Now,  surely,  in  the  factory  the 
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Student  will  get  no  practical  experience  which  will  help  him  in 
an  understanding  of  any  of  these  fundamental  and  very  im- 
portant subjects.  It  is  only  in  the  third  year  that  we  can 
begin  to  teach  engineering  work,  and  the  best  plan,  it  seems 
to  me,  for  carrying  out  the  suggestion  of  cooperative  education, 
would  be  to  let  the  student  go  out  for  one  year  during  his  college 
course,  preferably  between  the  third  and  fourth  years,  after 
he  has  had  a  good  deal  of  theory.  He  should  go  into  a  large 
shop  where  a  great  variety  of  work  is  done,  and  not  into  a 
small  shop,  where  only  special  machinery  is  built. 

In  regard  to  breaking  into  the  theoretical  work,  several  years 
ago  Stevens  Institute  adopted  a  plan  of  having  three  terms,  a 
first  term  of  14  weeks,  then  an  intermediate  term  of  4 
weeks,  and  then  a  third  term  of  another  14  weeks.  The 
object  of  the  intermediate  term  was  to  give  the  student  4 
weeks  for  solid  practical  work  in  laboratories,  drawing  room 
and  shop.  We  have  now  abandoned  this  scheme  for  a  number 
of  reasons,  one  reason  being  that  at  the  beginning  of  the  third 
term  we  found  that  it  took  the  student  some  time  to  get  back 
to  the  theoretical  work.  I  do  not  believe  that  this  plan  works 
nearly  so  well  as  the  plan  to  make  the  theoretical  work  con- 
tinuous and  to  put  the  practical  work  at  the  end;  that  is,  in  a 
summer  term. 

Chas.  F.  Scott:  A  good  deal  of  our  discussion  of  engineering 
education  is,  if  we  analyze  it,'  really  the  consideration  of  a 
human  slide-rule.  We  want  a  man  to  be  capable  of  doing  cer- 
tain things.  We  consider,  in  a  mechanical  sort  of  way,  that  he 
should  know  how  to  do  this,  that,  and  the  other  thing,  and  we 
are  apt  to  try  to  crowd  into  a  curriculum  more  subjects  than  it 
is  possible  for  the  college  course  to  cover  adequately.  But  in 
the  engineer  it  is  not  so  much  mere  ability  in  mechanical  calcula- 
tions or  manipulations  that  we  care  for,  but  some  higher 
quality — a  higher  quality  of  mind,  life  in  some  higher  terms,  if 
the  purpose  of  education  is  to  translate  life  into  its  highest  terms, 
the  development  of  its  consciousness,  of  its  soul  qualities,  thinking 
and  feeling,  of  its  forces  to  direct  conduct  and  control  purpose. 
These  indicate  some  of  the  things  that  we  want  in  engineers  as 
men;  we  want  to  develop  men,  and  when  we  have  the  man  it  is 
a  lesser  question  whether  he  is  an  engineer,  or  a  doctor,  or  some- 
thing else.  We  want  the  foundation  for  this  larger  usefulness; 
we  want  a  man  to  get  his  life  into  the  largest  terms,  by  the 
development  of  himself  as  a  man. 

In  engineering  education,  then,  we  want  a  general  purpose 
and  policy  towards  which  to  aim.  The  method  of  carrying  it 
out  is  almost  of  secondary  consequence.  It  cannot  be  the  same 
method  everywhere,  and  different  methods,  particularly  in  this 
period  of  evolution,  are  desirable.  The  new  plan  which  is  about 
to  be  carried  out  in  Boston  has  its  pros  and  cons.  I  think  it  is 
a  most  fortunate  thing  that  an  experiment  of  that  kind,  if  we 
80  choose  to  call  it,  can  be  tried.   We  need  variety  in  methods  as  a 
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means  of  gaining  experience  and  as  a  tonic  in  our  work.  There 
is  certainly  one  thing  which  will  be  gained  by  a  method  of  that 
kind;  it  will  give  to  the  man  the  facility  to  adapt  himself  to 
conditions,  to  bring  his  theoretical  and  practical  training  to- 
one  side  or  the  other,  thus  maintaining  a  just  balance. 

We  separate  too  much  the  theoretical  and  the  practical: 
they  must  go  together  hand  in  hand.  I  have  in  mind  now 
some  investigations  Mr.  Thomas  carried  on  a  few  years  ago,  and 
it  seemed  to  me  his  method  was  ideal.  He  would  take  his 
problem  and  study  it,  and  work  it  out  in  mathematics,  in  x,  y, 
and  2,  and  come  to  a  certain  conclusion,  and  then  undertake 
his  test.  He  would  get  experimental  results  which  gave  him 
constants  for  his  formula  work,  or  which  indicated  some  factor 
which  had  been  omitted  and  which  needed  now  to  be  included. 
He  would  then  go  back  to  the  study  of  his  formula,  and  integrate 
his  new  experience,  which  would  give  him  a  new  hold  when  he 
came  back  to  experiment. 

One  of  the  purposes  in  the  apprentice  courses  as  now  con- 
ducted is  that  they  change  the  point  of  view  of  the  student. 
He  has  been  in  college,  where  he  has  been  passive;  he  has  been 
directed.  Then  when  he  goes  out  to  the  manufacturing  com- 
pany he  feels  that  this  is  now  his  post-graduate*  course,  and  he 
waits  for  experience  to  be  pushed  into  him,  but  he  does  not  find 
the  foreman  running  around  with  bits  of  experience  to  add  to  his 
information.  He  is  at  a  loss  for  a  time,  and  then  finds  he  has 
to  shift  for  himself;  has  to  change  from  the  passive  to  the 
active;  for  it  is  sink  or  swim.  That  is  one  of  the  best  experiences 
of  this  apprenticeship  course.  Now,  if  in  this  Boston  combin- 
ation the  school  idea  predominates,  and  the  student  is  simply  led 
around  through  the  factory,  and  feels  that  everything  there 
is  simply  for  his  benefit,  and  he  fails  to  develop  self-reliance, 
then  something  is  going  to  be  lost. 

Gano  Dunn:  I  have  observed  that  the  most  effective  graduate 
is  the  man  who,  somewhere  in  his  college  course  has  had  a  taste 
of  practical  experience,  the  man  who  has  had  at  some  time 
actually  to  earn  his  living.  Contrary  to  the  opinion  of  Mr. 
Alexander  and  of  Professor  D.  C.  Jackson,  I  think  that  the 
desirable  contact  with  practical  work  cannot  take  the  intimate 
form  that  they  recommend.  A  college  course  should  teach 
men  what  they  cannot  learn  in  after  life.  The  very  specializa- 
tion of  a  college  course  contributes  to  learning  some  things  more 
thoroughly  than  they  can  ever  be  learned  when  alternated  with 
business  activities.  The  subjects  at  college  mutually  support 
and  illuminate  one  another.  Intermittent  college  and  practical 
work  would,  I  fear,  destroy  this  benefit. 

The  reason  college  graduates  who  have  had  practical  experi- 
ence are  usually  better  than  others,  is  not  principally  because 
of  the  things  they  have  learned  about  technical  subjects 
during  the  course  of  that  experience,  but  because  of  what  they 
have  learned  about  life  in  general  and  the  problems  of  discipline. 
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The  average  college  student  is  not  a  man  of  much  directive 
force.  His  tastes  are  not  strong,  and  he  is  not  very  particular 
which  way  he  goes.  He  needs  polarization.  If  he  can  get  it 
before  he  enters  college  or  in  the  early  part  of  his  college  career 
it  will  enormously  increase  the  efficiency  of  his  education.  I 
attribute  the  greater  effectiveness  of  the  college  graduate  who 
has  had  experience  to  his  early  polarization  in  the  field  of  life 
and  his  early  submission  to  the  discipline  of  the  world. 

From  the  manufacturer's  point  of  view  there  are  many  ob« 
stacles  to  Mr.  Alexander's  scheme,  even  if  there  are  none  from 
the  point  of  view  of  the  educator.  In  surveying  the  field  and 
taking  note  of  the  number  and  size  of  the  electrical-  factories 
and  the  number  and  output  of  the  electrical  educational  institu- 
tions, I  think  each  manufacturer  would  be  unable  to  take 
his  quota  of  the  electrical  students.  One  very  large  manu- 
facturing company  might  absorb  all  the  students  of  one 
educational  institution;  a  rough  calculation  indicates,  how- 
ever, that  a  proportional  distribution  of  electrical  students 
among  electrical  manufacturers  would  be  more  than  the 
manufacturers  could  digest.  The  manufacturer  holds  on 
to  even  relatively  low-grade  employees,  carrying  them  over 
dull  times,  remembering  their  loyalty  and  faithfulness  in 
performing  various  operations.  This  asset,  of  greater  value 
than  most  people  realize,  would  be  lost  if  workmen  were  changed 
once  a  week,  once  a  month,  or  even  once  a  quarter,  whether 
these  workmen  were  college  students  or  not. 

Without  wishing  to  be  taken  too  literally,  it  is  a  good  thing 
for  a  student,  somewhere  in  his  college  career,  to  **  drill  brass 
name-plates  for  six  months  **  as  in  the  case  cited  by  Mr.  Rush- 
more.  It  is  a  mental  training.  It  corresponds  to  what  a  man 
gets  in  other  countries  in  the  army;  and  if  while  he  is  drilling 
brass  name-plates  the  man  is  of  the  kind  of  selected  material 
that  Mr.  Steinmetz  would  have  the  colleges  accept,  he  will 
absorb,  through  having  his  eyes  and  ears  open,  a  vast  amount 
of  knowledge  about  the  organization  of  business,  the  democracy 
of  relations  between  hands  and  foremen,  the  necessity  of  co- 
operation, and  many  other  things  that  sooner  or  later  he  must 
surely  learn. 

I  would  add  a  word  in  most  earnest  support  of  the 
idea  that  we  train  only  selected  material  at  colleges.  This 
is  the  true  keynote  to  higher  efficiency  in  education.  It  carries 
along  with  it,  however,  the  obligation  to  employ  only  selected 
instructors.  In  many  of  our  educational  institutions  we  have 
as  instructors  men  who.  however  learned,  do  not  possess  the  art 
of  imparting  their  knowledge,  who  do  not  know  how  to  make 
a  lasting  impression  on  the  minds  of  their  students,  who  do  not 
appreciate  what  to  emphasize  and  what  to  suppress;  men  who 
in  the  delivery  of  their  lectures,  for  instance,  do  not  have  that 
touch  of  dramatic  power  that  causes  students  in  later  life  to 
look  back  to  those  lectures  as  the  very  foundations  of  their 
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technical  training.  A  high  standard  for  instructor  material 
must  go  hand  in  hand  with  a  high  standard  for  student  material. 

H.  W.  Alexander  (by  letter):  The  discussion  of  my  paper 
indicates  an  impression  on  the  part  of  some  that  my  plan  intends 
to  supplant  existing  college  engineering  courses.  A  careful 
reading  of  the  paper,  however,  would  show  that  this  is  not  the 
case.  The  underlying  thought  of  the  proposed  plan  is  to  provide 
an  education  especially  adapted  to  the  needs  of  prospective 
engineers  who  are  to  specialize  in  life  along  administrative  and 
executive  rather  than  purely  engineering  lines.  These  engineers 
must  have  an  adequate  practical  as  well  as  a  thorough  theoretical 
knowledge  of  engineering;  and  the  best  method  to  accomplish  this, 
I  believe,  lies  in  an  arrangement  whereby  the  engineering  educa- 
tion at  college  is  aided  and  supplemented  by  a  familiarity  with  the 
industrial  methods  of  progressive  manufacturing  enterprises, 
which  may  best  be  gained  through  simultaneous  participation  in 
the  practical  work.  The  plan,  moreover,  aims  to  enlarge  the 
college  sphere  through  a  course  which,  for  reasons  already  out- 
lined, would  attract  to  it  capable  young  men,  who,  through  one 
cause  or  another,  do  not  or  cannot  avail  themselves  of  a  college 
education  under  present  conditions.  Obviously,  the  proposed 
arrangement,  if  carried  into  efiEect,  will  in  time  react  upon  present 
engineering  education  by  suggesting  changes  which  will  bring 
the  regular  engineering  courses  more  fully  into  synchronism 
with  the  demands  of  modem  industrial  life. 

Mr.  Behrend  agrees  with  me  regarding  the  general  proposi- 
tion when  he  says  that  *'  a  large  number  of  electrical  and  me- 
chanical engineers  are  needed  in  the  manufacturing  industries 
as  foremen,  superintendents,  and  master  mechanics";  he  does 
not,  however,  fully  appreciate  the  value  of  a  broad  education 
for  these  men  who,  after  all,  occupy  positions  as  foremen,  master 
mechanics,  and  superintendents  only  as  stepping  stones  to  some- 
thing higher.  Inasmuch  as  they  are  to  become  eventually  leaders 
of  men  and  managers  of  enterprises,  they  should  receive  an 
adequate  cultural  development  in  addition  to  their  scientific 
and  practical  training.  Again  Mr.  Behrend  is  pleading  for  my 
proposition — although  unintentionally  perhaps — when  he  claims 
that  the  proposed  plan  is  *'  like  starting  and  stopping,  accelera- 
ting and  retarding  the  boy's  mind  continually  instead  of  allow- 
ing him  to  obtain  a  given  velocity  and  momentum."  That  is 
the  very  thing  I  am  aiming  at,  namely,  to  make  and  keep 
the  young  man  mentally  so  alert  that  he  will  be  able  to  adjust 
himself  quickly  to  varying  conditions  as  they  arise ;  he  should  not 
need  a  headway,  so  to  speak,  in  order  to  be  effective.  The 
mind  of  the  future  manager  must  be  trained  to  work  like  a  poly- 
phase motor,  starting  under  load  and  quickly  acquiring  full 
speed,  and  not  like  the  ordinary  single-phase  motor  which  must 
run  under  full  speed  before  it  can  carry  load. 

Professor  Norris  falls  into  a  similar  error  when  he  criticises 
the  proposed  plan  on  the  score  that  there  is  loss  of  time  in  start- 
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ing  up  after  a  change  in  work.  It  is  one  of  the  very  objects  of 
the  plan  to  minimize  this  loss  by  offering  frequent  opportunities 
for  practice  in  changing  quickly  from  one  line  of  activity  to 
another;  and  this  inability  to  make  quick  adjustments  is  a 
weakness  which  manufacturers  see  in  recent  college  graduates. 
A  manager  has  to  change  his  work  many  times  a  day;  one  hour 
he  is  occupied  with  engineering  problems,  another  hour  with 
financial  questions  and  perhaps  the  next  hour  'W'ith  matters 
pertaining  to  the  labor  problem  or  the  economics  of  production. 
Certainly,  we  should  aim  to  train  for  such  managerial  capacity 
those  students  who  will  take  up  administrative  work.  This 
change  from  one  class  of  work  to  another  may  of  course  be  car- 
ried too  far.  It  is  for  this  reason  that  I  do  not  advocate  weekly 
changes  such  as  are  provided  under  the  cooperative  plan  at  the 
University  of  Cincinnati.  I  am  advocating  alternative  periods 
of  from  six  to  ten  weeks'  duration,  fully  ample  for  the  concentra- 
tion of  thought  and  work  to  which  Mr.  Behrcnd  properly  refers. 
The  courses  of  study  in  technical  colleges  will  bear  me  out  in 
this  respect,  for  many  of  their  subjects  are  completely  covered 
during  a  similar  period  of  time. 

Again,  I  note  with  pleasure  Mr.  Behrend's  support  of  my  con- 
tention that  a  correlated  practical  and  theoretical  engineering 
education  during  the  so-called  college  career  will  prove  very 
beneficial  for  engineers  who  wish  to  engage  in  manufacturing 
business  or  to  become  executive  officers  of  industrial  establish- 
ments and  public  service  corporations,  for  he  says:  "  If  we  set 
aside  certain  colleges  of  ours  for  the  purpose  of  giving  a  practical 
education  to  the  class  of  men  who  are  not  likely  to  be  concerned 
in  later  life  with  the  difficult  and  complex  questions  of  engi- 
neering, I  can  see  no  objection  to  adopting  a  cooperative  course 
in  these  technical  schools.'* 

Assuming  all  the  time  that  we  arc  dealing  with  recognized 
engineering  colleges  which  confer  the  usual  degrees  upon  their 
graduates,  it  must  be  admitted  that  whether  such  courses 
are  to  be  given  in  separate  colleges  or  side  by  side  with 
regular  courses  in  the  same  college  is,  after  all,  a  matter  of 
detail.  Local  conditions  will  have  to  be  taken  into  account, 
and  it  is  by  no  means  necessary  to  have  these  coopera- 
tive courses  introduced  in  all  engineering  colleges.  Naturally 
they  would  be  established,  in  such  colleges  as  are  located  near 
the  large  manufacturing  industries,  and  they  could  prove  their 
value  in  these  particular  instances,  even  though  other  colleges 
may  not  be  able  to  offer  the  same  opportunity.  This  argument 
against  the  proposed  plan,  put  forth  by  Mr.  Behrend,  would 
hold  just  as  good  in  advising  Harvard  University  not  to  start 
its  graduate  school  of  business  and  commerce  because  other 
colleges  are  not  in  a  position  to  do  the  same.  Furthermore, 
inasmuch  as  I  am  advocating  alternating  periods  of  from  six 
to  ten  weeks,  and  not  of  one  week's  duration,  as  Mr.  Behrend 
erroneously  seems  to  have  in  mind,  it  would  be  feasible  for 
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colleges  and  manufacturing  companies  to  establish  a  cooperative 
course  even  though  they  should  be  separated  by  a  distance  of 
fifty  or  one  hundred  miles. 

The  cooperative  course  can  only  be  open  to  a  comparatively 
few,  at  the  most,  taking  the  factory  side  of  the  question  into 
account;  and  it  is  therefore  intended  for  those  especially  fitted 
for  the  work  for  which  the  course  aims  to  train.  While  I, 
therefore,  fully  agree  with  Professor  Norris  that  elementary 
education  must  be  laid  out  for  the  average  boy,  I  differ  from 
him  with  regard  to  higher  education  in  believing  that  the  latter 
and  especially  the  one  of  a  technological  character  should 
differentiate  and  concern  itself  with  the  various  capacities  of 
the  students  so  as  to  allow  each,  within  reasonable  limits,  a  full 
and  free  development.  A  young  man  should  not  go  into  an 
engineering  college  unless  he  is  well  fitted  for  an  engineering 
career.  Dr.  Steinmetz  is  right  in  advocating  measures  by 
which  the  engineering  college  will  eliminate  the  mediocre  and 
develop  only  the  well-qualified  student.  The  latter  should  be 
taught  the  humanities  as  well  as  the  sciences,  and  I  am  ready  to 
go  with  Professor  Norris  as  far  in  this  respect  as  he  wishes,  for 
I  plead  for  a  broad  educational  training  at  all  engineering 
colleges,  so  that  the  man  as  well  as  the  engineer  will  be  developed. 
Professor  Norris*  fear  that  students  may  lose  the  sense  of  re- 
sponsibility for  a  task  when  they  know  that  the  task  is  to  be 
dropped  at  a  certain  time  whether  completed  or  not,  would 
disappear  under  proper  training.  To  me  this  danger  appeals 
with  much  less  force  than  that  concerning  the  lack  of  serious 
responsibility  of  our  present  college  students,  who,  for  four 
years,  enjoy  a  delightful  college  freedom  without  any  restraining 
influence  such  as  intermittent  discipline  of  practical  life  would 
bring.  I  should  not  want  to  deprive  young  men  of  this  college 
freedom  with  all  its  great  value,  but  I  should  wish  to  give  it 
greater  significance  by  giving  it  a  background  such  as  the  factory 
discipline  would  furnish.  The  ideal  of  the  college  linked  to  the 
real  of  the  factory  is  bound  to  be  wholesome  in  its  effect  upon 
the  character  and  stamina  of  the  young  men,  who,  under  such 
conditions,  will  be  developed,  rather  than  injured  by  the  awaken- 
ing of  a  keen  interest  in  commercial  work,  such  as  Mr.  Thomas 
seems  to  fear.  Experience,  furthermore,  refutes  his  conten- 
tion, for  those  who  during  vacations  engage  in  some  gainful 
occupation,  even  though  not  at  all  related  to  the  science  of 
engineering,  usually  turn  out  to  be  good  engineers.  These 
students  feel  the  inspiration  of  practical  work,  a;id  through  it, 
see  clearer  the  value  of  a  theoretical  education. 

The  statement  of  Professor  Brooks  that  high  school  graduates 
as  a  rule  are  entirely  too  young  to  do  satisfactory  work  in  a 
manufacturing  establishment  is  surprising  to  me;  if  it  were  true 
it  would  be  a  serious  indictment  of  our  trade  apprenticeship 
systems,  under  which  grammar  school  graduates  are  required 
to  do  commercial  work  in  factories,  which  they  have  been  en- 
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tirely  able  to  perform  without  any  inujry  to  their  physical  de- 
velopment. It  goes  without  saying,  of  course,  that  the  work  in 
the  factory  must  be  suited  to  the  physical  maturity  of  the  yoimg 
man  just  as  much  as  the  theoretical  work  in  college  must  be 
suited  to  his  mental  maturity.  It  must  also  be  borne  in  mind 
that  thousands  of  young  men  with  a  complete  or  partial  high 
school  education  enter  our  factories  and  workshops  and  grow 
up  into  healthy  and  efficient  men.  Would  not  a  periodical 
rest  from  the  physical  work  with  a  corresponding  period  of 
mental  activity  develop  these  young  men  better  physically 
as  well  as  mentally?  The  elective  system  under  the  proposed 
plan  would  have  to  be  practically  eliminated,  as  Professor  Brooks 
points  out,  but  this  is  no  objection  to  the  plan.  The  elective 
system,  however,  even  though  our  foremost  educational  thinker. 
President  Eliot,  fathers  and  favors  it,  is  by  no  means  regarded 
as  the  only  method  of  securing  an  effective  college  training. 
The  cooperative  engineering  course,  aiming  to  train  young  men 
for  a  definite  career,  is  an  application  of  the  elective  system  in 
the  broadest  sense  of  the  term,  for  the  student  elects  specific 
subjects  which  he  must  pursue  in  order  to  complete  the  require- 
ments for  a  degree.  The  makers  of  such  a  course  must  lay  it 
out  on  the  broad  basis  of  cultural  as  well  as  scientific  instruction. 

Some  of  the  speakers  have  questioned  the  advisability  of 
cutting  the  shop  work  out  of  the  college  curriculum.  I  think, 
we  will  all  agree  that  so  far  as  the  teim  **  shop  work  '*  at 
college  refers  to  the  teaching  of  the  mechanical  principles  in- 
volved in  machine  work,  the  college  should  still  attend  to  this 
part  of  education.  The  familiarity  with  machine  processes, 
however,  inasmuch  as  it  is  based  on  a  more  or  less  extended 
practice,  could  be  left  to  the  factory  under  the  proposed  plan, 
where  it  can  be  taught  more  effectively,  inasmuch  as  it  is  taught 
by  practical  men  and  under  real  industrial  conditions.  In  the 
proposed  plan  provision  is  made  for  the  college  to  go  much  further 
in  the  educational  phase  of  shop  work  by  giving  a  more  thorough 
and  extended  course  in  shapes  of  tools,  cutting  speeds  and  feeds, 
and  similar  important  questions,  than  is  done  at  the  present 
time.  Whether  the  college  professor  gives  a  course  in  these 
latter  subjects  at  college  or  at  the  factory,  or  whether  a  practical 
man  is  selected  as  special  instructor  in  these  subjects,  is,  after  all, 
only  a  detail  in  the  whole  plan.  Similar  arguments  would  apply 
to  the  part  which  the  college  and  the  manufacturing  company 
ought  to  play  in  the  teaching  of  mechanical  drawing. 

Considering  the  whole  matter  in  this  light,  and  studying  care- 
fully a  detailed  course  of  both  the  theoretical  and  practical 
studies  under  the  proposed  plan.  Professor  Ganz's  criticism  that 
a  four-years'  theoretical  training  is  to  be  crowded  into  a  three- 
years*  period  falls  to  the  ground;  for  it  will  be  seen  that  under 
the  proposed  plan  as  many,  and  even  more  weeks,  are  devoted 
to  the  college  studies  than  are  provided  for  at  present  in  most 
leading   technological   colleges   for   the   same   subjects.     As  a 
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matter  of  fact,  the  concrete  plan  which  I  have  worked  out  pro- 
vides for  one  hundred  and  thirty-two  weeks  at  college,  one 
hundred  and  forty-one  weeks  at  the  factory  and  thirty-five 
weeks  for  vacation,  or  a  total  of  three  hundred  and  eight  weeks 
for  the  period  beginning  with  the  middle  of  July  after  high 
school  graduation,  and  ending  with  the  middle  of  June  six  years 
later.  The  particular  college  which  I  have  in  mind,  devotes 
only  one  himdred  and  twenty  weeks  to  corresponding  studies 
during  a  four-years  course.  The  extra  time  in  the  proposed 
plan  is  gained  by  a  trial  period  of  two  months  of  practical  work 
previous  to  the  college  work,  and  by  a  shortening  of  the  present, 
I  believe  all-too-long  summer  vacation  periods  from  sixteen  to 
five  weeks  each.  Furthermore,  I  firmly  believe  that  coordinate 
theoretical  and  practical  work  as  proposed  will  make  it  possible 
to  cover  more  ground  at  college  in  a  given  time  than  can  be 
done  under  the  present  system.  A  knowledge  of  practical  work 
will  materially  help  the  student  in  a  quick  understanding  of 
most  of  the  engineering  subjects  taught  at  college. 

In  closing,  I  wish  to  emphasize  again,  that  the  proposed  plan 
aims  to  train  high  grade  manufacturing  and  executive  engineers 
who  may  receive  their  college  degree  on  the  basis  of  a  thorough 
engineering  education,  and  besides  have  obtained  an  adequate 
practical  training  with  special  reference  to  their  future  usefulness. 

Application  of  any  theory,  after  all,  will  prove  whether  or 
not  the  theory  is  correct.  Thus  a  trial  of  the  pian  which  I  have 
proposed  will  prove  if  it  is  efficacious;  and  I  am  glad  to  find  so 
many  members  of  the  American  Institute  of  Electrical  Engi- 
neers ready  to  see  a  sufficient  value  in  the  proposed  cooperative 
course  to  hope  for  a  fair  trial  where  conditions  permit. 
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HIGH-POTENTIAL  UNDERGROUND  TRANSMISSION 


BY    P.   JUNKBRSFBLD   AND   B.    O.    SCHWBITZBR 


Among  the  many  electrical  developments  of  the  day  the 
most  striking  one,  the  most  far  reaching  in  its  direct  and  in- 
direct results,  is  the  successful  transmission  of  energy  at  greatly 
increased  pressures.  From  present  indications  systems  opera- 
ting at  potentials  of  100,000  volts  and  over  will  not  be  tmcommon 
in  a  few  years,  and  none  dare  prophesy  what  further  increase  the 
future  has  in  store.  What  this  means  to  many  commtmities 
from  an  economic  and  sociologic  standpoint  can  readily  be 
appreciated.  Cheap  power  will  enable  present  industrial  com- 
mtmities to  improve  and  new  ones  to  build  up  in  pleasant 
localities  many  miles  from  its  source,  whether  coal  or  waterfall, 
and  cheap  traction  will  quickly  carry  their  wares  to  market. 

Within  the  confines  of  the  largest  cities  the  conditions  are 
sometimes  such  that  it  is  not  advisable  to  carry  these  high  po- 
tentials overhead.  In  such  cases  it  may  be  necessary  to  place 
the  conductors  imderground.  The  limitations  of  insulation 
and  size  have  kept  the  transmission  voltage  for  tmderground 
cables  at  about  one-third  that  of  overhead  transmission,  and 
while  there  has  been  a  considerable  advance  in  the  art  the 
approximate  ratio  of  1  to  3  seems  to  be  still  maintained.  How- 
ever, in  large  systems  of  underground  transmission,  insulation 
and  size  are  not  the  only  cable  limitations.  The  line  constants 
may  become  such  that  the  cable  is  frequently  subjected  to 
dangerously  high  potentials.  It  therefore  becomes  advisable 
carefully  to  study  the  system  so  as  intelligently  to  provide  con- 
ditions for  reliable  service. 

This  brings  us  to  the  subject  of  our  paper  in  which  we  shall 
discuss  high-potential  tmdergrotmd  transmission,  with  a  view 
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of  pointing  out  some  lessons  taught  by  experience  and  tests  and 
of  suggesting  further  investigation  and  discussion.  It  is  not  the 
intention  to  discuss  cable  manufacture  or  in  any  detail  the  in- 
stallation or  protection  of  underground  cables,  as  these  matters 
have  already  received  careful  and  thorough  attention  in  other 
Institute  papers.  Nor  is  this  paper  in  any  wise  to  be  an  argu- 
ment for  underground  transmission  as  against  overhead  trans- 
mission. Conditions  are  frequently  such  that  overhead  trans- 
mission is  the  only  practicable  method.  The  increasing  use  of 
very  high  potentials  is  tending  to  raise  the  boundary  between 
high  and  low  tension,  but  at  the  present  time  the  dividing 
line  is  still  generally  accepted  as  5000  volts. 

Typical  large  cable  system.  This  paper  will,  therefore,  not 
deal  with  experience  at  pressures  lower  than  5000  volts. 
A  typical  system  using  high-potential  underground  transmission 
extensively  is  that  of  the  Commonwealth  Edison  Company  of 
Chicago  and  its  experience  will  be  cited  principally.  The  sys- 
tem is  fairly  well  known,  having  been  described  in  more  or  less 
detail  in  Institute  papers  and  discussions  and  in  the  electrical 
press.  Suffice  it  to  say  that  at  present  (September,  1908)  the 
system  consists  of  two  generating  stations  (a  third  is  in  process 
of  erection)  with  a  maximum  capacity  of  about  18,000  kw. 
and  100,000  kw.  respectively,  sixty-six  9000-yolt,  three-phase, 
transmission  lines  aggregating  272  miles,  supplying  forty-four 
sub-stations  containing  synchronous  converting  equipment 
almost  exclusively.  Three  additional  sub-stations  and  68  miles 
of  additional  9000-volt  cable  are  now  under  construction. 

There  is  also  a  20,000-volt  line  eleven  miles  long  connected  to 
the  9000-volt  system  through  step-up  transformers,  and  feeding 
railway  and  frequency  changer  sub-stations  located  in  an  outer 
or  suburban  zone.  Forty-four  miles  of  additional  20,000-volt 
underground  lines  are  under  construction,  which  will  bring  the 
total  up  to  fifty-five  miles.  The  entire  cable  system  is  shown 
in  Fig.  1.  This  20,000-volt  system  will  be  permanently  supplied 
from  5000  kw.,  three-phase,  step-up  transformers  connected 
delta  to  star  with  the  neutral  grounded.  The  standard  size  of 
20,000-volt  cable  is  00,  and  of  9000-volt  cable  0000  and  260,000 
cir.  mils.  The  340  miles  of  9000-volt  cables  supplying  the 
densely  populated  inner  zone  form  a  so-called  **  radial  system  ", 
while  the  55  miles  of  20,000-volt  cable  when  completed  will 
form  two  so-called  "  ring  systems  ",  one  supplying  the  more 
sparsely  settled  outer  zone  northward  and  the  other  southward. 
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The  radial  and  ring  systems  are  shown  diagrammatically  in 
Fig.  2.  The  principal  station  (Fisk  St.)  is  equipped  with  steam 
turbines  exclusively,  four  with  a  maximum  capacity  of  7500  kw. 
each  and  six  of  12,000  kw.  each.  The  generators  are  all  star- 
wound  and  the  neutral  is  grounded. 

In  February  1902  the  25-cycle,  three-phase  system  of  about  17 
miles  of  three-conductor  cable  and  seven  synchronous  converter 
sub-stations  was  raised  from  4500  to  9000  volts,  the  equipment 
and  cable  having  been  installed  with  this  change  in  view.  This 
transmission  system  was  first  put  into  service  in  August,  1897. 
The  greater  part  of  the  cable  at  the  time  of  the  change  to  9000 
volts  was  00,  some  0  and  about  one-fifth  of  0000  size.  The  insu- 
lation on  the  original  4500-volt  cables  consisted  of  5/32  in.  inner 
wall  of  paper  around  each  conductor  and  an  outer  wall  3/32  in. 
thick  surrounding  all  three.  The  thickness  of  the  lead  sheath 
was  i  in.  In  the  9000- volt  cable  the  thickness  of  the  paper 
insulation  was  finally  standardized  at  6/32  in.  and  4/32  in. 
respectively.  The  increase  per  year  in  mileage  of  cables  opera- 
ting at  9000  and  at  20,000  volts  is  shown  in  Fig.  3. 

Other  early  cable  systems.  Some  of  the  high-tension  cable 
systems  in  operation  or  under  construction  in  1897,  when  the 
transmission  system  in  Chicago  was  first  put  into  service 
at  a  lower  voltage,  were  the  following:  Brooklyn  Edison 
Company,  6600  volts  (1897);  New  York  Edison  Company, 
6600  volts  (1898);  Niagara  Falls  Power  Company  in  Buff- 
alo, 11,000  volts  at  end  of  overhead  line  (1897);  the  Metro- 
poHtan  Street  Railway,  New  York,  6600  volts;  Twin  City  Elec- 
tric Company  of  Minneapolis,  12,000  volts  (1898).  Soon  after 
came  Manhattan  Railway,  New  York,  11,000  volts;  Providence. 
Rhode  Island,  12,500  volts;  Milwaukee,  13,200  volts;  and  St. 
Paul,  25,000  volts  (1901).  The  cables  of  the  St.  Paul  Gas  Light 
Company  were  two  in  number  and  formed  the  receiving  ends  of 
two  parallel  25,000-volt,  three-phase,  overhead  transmission 
lines  30  miles  long.  Each  cable*  was  about  three  miles  long; 
one  had  rubber  insulation  and  the  other  paper.  Cable  manu- 
facturers at  that  time  generally  offered  to  make  cable  to  with- 
stand 30,000  volts  pressure  for  individual  lines,  but  for  a  net- 
work about  15,000  volts  was  considered  the  safe  limit.  About 
a  year  later  this  limit  had  apparently  advanced  to  about  22,000 
volts.*  The  insulation  used  on  these  various  cables  might  be  of 
interest  and  is  given  in  Table  1. 

♦  Fisher,  A.  I.  E.  E.  Trans.  1903,  page  440. 
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Fig.  2. — Diagrflin  of  9,000-volt  radial  system  and  20.000-volt  ring  sys- 
tem, jS^Qwjrig  number  of  Jines  and  sub-stations  in  each  zone. 
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Experience.  The  early  experience  in  Chicago  and  elsewhere 
showed  the  necessity  for  avoiding  sharp  bends  and  for  using 
extreme  care  in  making  the  splices.     A  small  number  of  bum- 
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outs  occurred  during  the  first  year's  operation  at  9000  volts, 
and  nearly  all  were  due  to  sharp  bends  or  to  moisture  at  the 
joints.  In  order  to  determine  how  quickly  moisture  in  a  cable 
causes  a  breakdown,  after  it  has  entered  through  an  opening  in 
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the  sheath,  in  1903  Mr.  Burch*  of  Minneapolis  made  some  in- 
teresting experiments.  He  found  that  it  usually  requires  from 
a  day  to  a  week  for  the  moisture  to  work  down  sufficiently  to 
cause  a  bum-out.     Paraffine  had  up  to  this  time  been  used  at  the 


joints  and  in  the  terminal  bells,  but  being  hygroscopic  in  effect, 
due  to  voids  left  after  cooling,  it  was  not  satisfactory  at  the 
higher  voltage.  About  this  time  some  of  the  engineers*  of  the 
company,  after  considerable  study  and  experimentation,  d^- 
*  Burch,  A.  I.  E.  E.  Trans.  1903,  page  433.  " 
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veloped  a  high-grade  insulating  compotind  which  since  then  has 
been  used  exclusively  on  all  high-potential  work. 

The  splices  are  made  up  with  great  care  and  the  compound  is 
poured  into  the  sleeve  at  a  temperature  of  150®  cent,  in  a  manner 
to  exclude  all  moisture.  The  success  of  this  work  is  evidenced 
by  the  fact  that  there  have  been  but  two  failures  in  splices 
during  the  last  five  and  one-half  years  and  there  are  now  some 
3400  splices  in  the  high-tension  system.  The  compound-filled 
terminal  bells  were  formerly  made  of  brass  cylinders  with  a 
cast-brass  base,  a  substantial  ground  connection  being  made  at 
the  base.  On  some  recent  work  a  few  bells  made  of  a  special 
impregnated  concrete  have  been  used  with  very  satisfactory! 
results.  The  proper  protection  of  cables  against  daipage  due  to : 
bum-outs  of  adjacent  cable  has  received  cpnsideifeble  aften-r 
tion,  and  all  cables  in  manholes  are  covered  ^;*^ith  tspj|it  vitrified- i 
clay  tile  cemented  in.  Entirely  separate  duct  lineb,  either  on 
different  streets  or  on  opposite  sides  of  the  same  street,  are  pro- 
vided, so  as  to  divide  the  energy  along  different  routes  when 
possible,  so  that  all  important  sub-stations  have  at  least  two 
lines;  each  of  which  follows  a  different  conduit  route. 

Semi-annual  potential  tests  were  made  at  the  beginning,  but 
were  discontinued  when  the  system  became  more  extensive.  The 
danger  and  liability  of  accident  from  these  frequent  high-poten- 
tial tests  were  thought  to  more  than  offset  the  doubtful  advan- 
tages derived.  Since  then  testing  has  been  limited  to  new, 
altered,  or  repaired  cable,  which  before  being  put  into  service  is 
subjected  to  a  test  of  double  working  voltage  for  one  minute. 

The  record  of  cable  trouble  (Table  II)  for  the  last  five 
and  one-half  years*  operation  shows  that  failure  of  cables  thus 
far  has  really  not  been  a  very  serious  matter.  The  line  pro- 
tective devices  are  now  so  perfected  that  a  cable  bum-out 
causes  little  disturbance.  Of  the  total  of  44  cases  recorded  in 
the  table,  only  four  seriously  disturbed  the  system,  and  each  one 
of  these  was  aggravated  by  faults  in  the  protective  relays.  We 
beheve  that  these  faults  have  now  been  eliminated.  The  records 
of  other  companies  have  also  been  reported  as  good.  Thus 
the  New  York  Edison  Company*  in  the  nine  years  (1898  to  1907) 
during  which  its  cable  system  grew  from  three  to  200  miles  had 
a  total  of  66  bum-outs,  of  which  38  were  due  to  external  causes, 
18  at  or  in  splices,  4  in  bends,  and  6  in  the  cable  proper.  The 
Cataract  Power  &  Conduit  Company  of  Buffalo'  had  a  total 

1.  Torchio,  A.  I.  E.  E.  Trans.  Dec.  1907,  page  1711. 

2.  W.  S.  Qark,  A.  I.  E.  E.  Trans.  1906,  page  209. 
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of  four  bum-outs  in  seven  years  (1899  to  1906)  on  12  miles  of 
three-conductor  rubber-covered  cable  operating  at  11,000  volts; 
two  were  due  to  mechanical  injury,  one  in  a  splice,  and  one  in 
the  cable.     The  rubber  surroimding  each  conductor  has  a  thick- 
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ness  of  9/32  in.  and  there  is  no  overall  jacket.  The  rubber 
shows  no  deterioration.  Mr.  Mershon*  mentions  four  three- 
conductor  cables,  each  about  two-thirds  of  a  mile  long,  operating 
at  a  pressure  of  22,500  volts,  on  which  there  had  been  but  one 

3.  Mcrshon.  A.  I.  E.  E.  Trans.  1904,  page  610. 
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case  of  trouble  in  three  years  and  that  at  a  poorly  made  splice. 
The  terminal  bells  on  these  cables  are  made  of  hard  rubber. 

On  the  20,000-volt  line  in  Chicago,  which  has  now  been  in 
service  about  15  months  and  which  was  an  initial  installation 
at  this  higher  pressure,  there  have  thus  far  been  a  total  of  four 
bum-outs,  one  of  which  was  due  to  a  mechanical  injury,  one  to 
moisture  in  a  poorly  made  joint,  and  two  were  in  the  cable  itself. 

Investigations.  It  will  be  seen,  therefore,  that  the  experience 
with  high-potential  cable  has  not  been  such  as  to  cause  alarm. 
The  most  frequent  sources  of  trouble  are  from  without,  and  of 
these  electrolysis  is  apparently  the  most  persistent.  However, 
with  rapidly  growing  systems  the  destructive  effect  and  danger 
of  breakdowns  tend  constantly  to  increase,  and  it  becomes 
advisable  to  forego  complacency  for  a  while  and  to  look  into  the 
system  with  inquisitive  eyes  to  see  just  what  is  going  on. 

It  was  this  desire  to  know  more  about  possible  dangerous 
potential  rises,  so  that  proper  safeguards  against  them  could 
be  provided,  if  found  necessary,  that  led  the  Commonwealth 
Edison  Company  to  undertake  a  series  of  spark-gap  and  oscillo- 
graph investigations,  the  principal  results  of  which  thus  far  ob- 
tained are  described  in  this  paper.  A  further  purpose  of  the  tests 
was  to  obtain  information  regarding  these  high- voltage  systems  for 
use  in  their  further  development.  The  investment  required  for 
such  20,000-volt  and  higher  transmission  cable  system  is  very 
large ;  it  therefore  becomes  all  the  more  imperative  to  know  that 
such  investment  is  a  safe  one  commercially. 

Tests  on  9000-volt  system.  About  a  year  ago  a  series  of  oscillo- 
graph tests  was  started  on  the  9000-volt  system  to  determine 
whether  or  not  resonance  existed  in  any  part  of  it,  or  if 
dangerous  potential  rises  occurred  from  any  other  cause.  The 
oscillograms  obtained  were  taken  at  the  Fisk  Street  station  and 
included  current  and  pressure  waves  for  all  principal  switching 
operations,  as  well  as  several  for  a  special  cable  connection  in 
which  resonance  was  sought.  None  of  the  records  showed  any 
appreciable  excess  voltage. 

These  investigations  were  later  continued  and  expanded,  but  no 
dangerous  rises  were  found.  Spark-gaps  were  installed  at  four 
different  points  of  the  system  and  their  record  carefully  kept.  The 
gaps  consisted  of  needle  points  in  series  with  which  were  resistance 
and  fuse.  They  were  connected  between  each  phase  and  ground. 
These  spark-gaps  showed  that  there  are  frequent  rises  of  about 
70%,  and  occasional  ones  of  about  100%,  which  apparently  have 
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no  connection  whatever  with  any  switching.  These  occurred 
at  the  station  and  also  in  remote  sub-stations.  At  times  of 
cable  breakdown,  one  or  more  of  the  spark-gaps  invariably 
discharged  at  double  potential*.  With  grounded  systems 
cables  break  down  first  between  a  phase  conductor  and  ground. 
When  the  protective  devices  fail  to  act  properly,  as  happened 
occasionally  before  recent  improvements  were  made,'  the  arc 
continues  until  it  is  communicated  to  one  or  both  of  the  other 
phases.  The  effect  on  the  system  is  then  far  more  severe.  Such 
occurrences  were,  however,  the  exception  rather  than  the  rule. 
When,  during  a  breakdown,  one  or  two  of  the  spark-gaps  dis- 
charge it  is  on  the  phase  or  phases  other  than  the  one  on  which  the 
bum-out  occurs.  Sometimes  all  three  of  the  gaps  discharge 
during  cable  trouble,  but  not  simultaneously.  It  is  quite 
probable  that  the  potential  rises  evidenced  by  these  discharges 
are  due  to  magnetic  effect  in  the  generators  as  much  as  to  surges 
in  the  cables.  There  was  only  one  case  of  cable  breakdown 
which  seemed  clearly  the  result  of  a  surge.  During  some  ar- 
rangements which  were  being  made  at  Fisk  Street  station  to  put 
a  potential  test  on  a  bus-bar,  one  of  the  test  leads  accidentally 
came  in  contact  with  a  live  switch  stud,  the  door  over  which  had 
been  opened.  This  grounded  one  phase  of  the  system  through 
50  ft.  of  heavily  insulated  No.  12  wire  in  series  with  the  high- 
tension  coil  of  a  dead  150-kw.  testing  transformer.  The  heavy 
insulation  was  punctured  in  a  number  of  places  and  the  entire 
50  ft.  of  test  conductor  was  vaporized.  No  other  damage  was 
done  in  the  station.  A  few  seconds  later  one  of  the  cables 
burned  out  at  a  point  about  one  mile  from  the  station. 

The  net  result  of  this  investigation  indicates  that  at  the  present 
time  the  9000-volt  system  is  reasonably  free  from  dangerous 
conditions,  as  far  as  destructive  potential  rises  are  concerned. 
It  also  indicates  the  advisability  of  continuing  to  make  tests  on 
newly  installed  or  repaired  cable  at  double  potential  for  one 
minute. 

Tests  on  20fi00'Volt  line.  Attention  was  then  turned  to  the 
new  20,000-volt  line  in  the  attempt  to  learn  what  difficulties  are 
to  be  met  with  there.     On  the  diagram  of  this  line  in  Fig.  4  are 

1.  Double  potential  when  units  with  no  neutral  resistance  were 
grounded,  and  about  130%  over  potential  when  neutral  was  grounded 
through  resistance  (R--2.6  ohms). 

2.  June  paper  A.  I.  E.  E.  Chicago,  R.  F.  Schuchardt. 


Digitized  by  VjOOQIC 


Id08] 


tJNDERGROUMD  tRAMsKltSStON 


1^ 


shown  the  locations  at  which  current  and  pressure  connections 
were  made  for  the  oscillograph.  The  numerals  on  the  oscillo- 
grams refer  to  the  corresponding  ones  of  Fig.  4.  Spark-gaps 
were  connected  to  ground  at  points  marked  s.g.     These  spark- 
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gaps  were  first  installed  in  the  E vanston  sub-station  at  the  end  of 
the  line  and  originally  set  at  1.1  in.,  corresponding  to  21,700  volts. 
During  fifteen  days  A  phase  discharged  eight  times,  B  phase 
five  times,  and  C  phase  six  times.  Five  times  during  this 
period  two  gaps  discharged  at  the  same  time  (four  on  B  and  C 
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and  one  on  A  and  B),  All  other  discharges  were  on  one  phase  at 
a  time.  On  only  one  day  were  there  more  than  one  discharge 
per  phase,  and  on  that  day  B  and  C  phase  gaps  discharged  to- 
gether twice,  the  interval  between  the  discharges  being  18 
min.  With  the  .exception  of  a  single  discharge  on  A  phase,  none 
of  the  discharges  could  be  connected  with  any  switching  or 
other  apparent  source  of  disturbance.  In  this  single  case  a 
heavy  lightning  storm  passed  over  the  overhead  transmission 
line,  which  is  fed  through  transformers  from  the  20,000-volt 
line.  It  seems  probable  that  a  static  charge  passed  from  the 
line  into  the  transformer  and  caused  the  rise  which  discharged 
on  the  A  phase  gap.  Fourteen  days*  experience  with  a  gap  of 
1.15  in.  (22,500  volts)  showed  seven  discharges  on  A  phase, 
six  on  S,  and  five  on  C.  The  only  coincident  disturbances  were 
as  follows:  one  discharge  on  A  phase  when  a  steam-driven 
generator  at  the  Highwood  station  was  **  synchronized  ";  B 
and  C  phases  discharged  together  when  a  steam-driven  unit  in 
parallel  with  a  generator  or  frequency  changer  in  Evanston 
governed  poorly,  causing  heavy  cross-currents;  one  discharge  on 
A  phase  when  a  steam-driven  unit  was  disconnected  at  High- 
wood,  and  one  discharge  on  B  phase  when  a  steam-driven  unit 
was  shut  down  in  Evanston.  With  the  setting  increased  to  1.2 
in.  (23,300  volts)  there  were  only  five  discharges  recorded  in 
four  months,  one  on  A  phase,  two  on  B  phase  alone,  and  one 
on  B  and  C  phases  together.  The  simultaneous  discharge  on 
B  and  C  phases  occurred  during  a  bum-out  of  the  line,  probably 
a  breakdown  of  A  phase  to  ground.  One  of  the  J5-phase  dis- 
charges took  place  when  a  connection  between  the  9000- volt 
coils  of  the  C  phase  transformer  at  Division  Street  burned  out. 
A  further  increase  in  gap  setting  was  made  to  1.25  in.  and  left 
for  six  weeks,  during  which  time  A  phase  discharged  when  the 
line  broke  down.  B  phase  also  discharged,  but  the  connection 
with  a  disturbance  could  not  be  learned.  A  final  increase  to  1.3 
in.  was  made.  This  corresponds  to  25,000  volts.  During  three 
months  there  was  one  discharge  on  A  phase  and  two  on  C  phase, 
but  here  again  no  cause  for  the  potential  rises  could  be  ascer- 
tained. Spark-gaps  were  also  installed  at  the  step-up  end  of 
the  20,000-volt  line  in  the  West  Division  street  sub-station 
during  a  test  at  that  point.  They  were  set  at  1.1  in.  and  during 
the  few  hours  that  they  were  connected  each  of  the  phases  dis- 
charged heavily  at  different  times.  Recently  spark-gaps  were 
installed  at  the  Calvary  sub-station.  They  are  set  at  1.1  in. 
and  each  phase  has  discharged  heavily  at  times. 
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An  attempt  was  made  with  the  oscillograph  to  determine  the 
relation  between  the  potential  rises  and  operating  conditions. 
The  oscillograph  was  connected  at  various  times  at  the  three 
switching  points  of  the  line  and  some  records  were  obtained  for 
switching  operations.  Unfortimately  the  time  during  which 
the  Hne  could  be  kept  out  of  service  for  these  investigations 
was  so  limited  that  only  a  few  records  could  be  obtained  for 
each  operation.  It  is  recognized  that  in  such  a  limited  num- 
ber (and  especially  where,  as  in  most  cases,  only  one  phase  pres- 
sure could  be  recorded)  many  disturbances  may  have  escaped 
detection.  However,  many  of  the  curves  are  of  considerable 
interest  and  may  serve  to  bring  out  more  discussion.  A  num- 
ber of  them  are  therefore  included  in  this  paper.  It  will  be 
noted  that  none  of  the  oscillograms  shows  potential  rises  as  high 
as  those  recorded  by  the  spark-gaps.  Had  more  oscillograms 
been  taken,  or  had  all  phase  pressures  been  recorded  simul- 
taneously, higher  rises  might  possibly  have  been  observed. 
However,  the  function  of  the  spark-gap  is  clearly  to  detect  high 
potentials,  while  that  of  the  oscillograph  is  to  show  the  character 
of  the  disturbance  and  its  duration.  The  spark-gap  watches 
the  hne  continuously,  while  the  oscillograph  records  occurrences 
for  but  very  brief  intervals. 

In  the  following  Figures  the  source  of  energy  is  always  from 
the  left,  the  opening  or  closing  operation  being  performed  on 
the  switch  marked  5.  There  being  but  one  oscillograph  and  no 
pressure  wires  available,  the  records  at  the  different  sub-stations 
were  not  taken  simultaneously.  The  apparatus  was  set  up  at 
one  place  and  curves  were  obtained  for  the  various  operations. 
The  apparatus  was  then  moved  to  the  next  sub-station  and  the 
operations  were  repeated. 

Fig.  6  is  for  closing  and  opening  line  No.  501.  The  current 
wave  in  the  upper  curve  is  the  characteristic  exciting  current 
wave  of  a  transformer  when  first  energized.  The  logarithmic 
curve  due  to  hysteresis  is  clearly  shown.  The  dying  of  the 
pressures  in  comparatively  slow  oscillations  when  the  line  and 
tran^ormers  are  disconnected  is  shown  in  the  lower  curves. 

Fig.  6  gives  curves  for  closing  and  opening  line  No.  701.  A 
record  obtained  back  at  Division  street  for  this  operation  at 
Calvary  sub-station  is  given  in  the  upper  curve. 

The  next  curves,  Fig.  7,  are  for  closing  and  opening  the 
entire  11  miles  of  20,000- volt  line  from  Division  street  to  Evans- 
ton.  Curves  of  pressure  were  also  obtained  at.  the  Calvary 
sub-station. 
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Fig.  8  shows  curves  for  closing  dead  transformers  on  to  a 
live  bus-bar.  The  first  rush  of  current  in  this  case  was  nearly 
six  times  full-load  current.  An  interesting  curve  is  the  one  for 
West  Division  street  showing  the  duration  and  amoimt  of  the 
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current  rush.     The  curve  obtained  on  opening  the  switch  to 
the  transformers  is  also  given. 

Line  No.  701  was  closed  and  opened  with  the  transformers 
connected  at  Evanston,  and  the  curves  for  these  operations  are 
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given  in  Fig.  9.     Records  were  also  obtained  at  Division  street 
for  the  closing  operation  and  are  shown  in  the  upper  curve. 

The  same  operations  were  performed  with  the  entire  11  miles 
of  line,  the  records  being  given  in  Fig.  10. 
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The  motor  of  the  frequency-changer  set  at  Evanston  is  wound 
for  9000  volts,  the  line  pressure  being  stepped  down  in  three 
200-kw.  transformers.  In  Fig.  11  are  shown  curves  obtained 
when   closing   these   transformers   to   a   live   bus-bar.     In   the 
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upper  curve  the  transformers  had  previously  been  demagnetized 
by  keeping  them  connected  to  the  motor  while  being  shut  down 
until  it  had  come  to  rest,  the  fields  being  kept  excited.  In  the 
lower  curve  they  had  been  disconnected  at  full  pressure.     The 
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difference  in  current  rush  emphasizes  the  advisability  of  keeping 
the  transformers  connected  to  a  dying  machine  when  shutting 
down.  This  applies  also  to  transformers  of  synchronous  con- 
verter sets. 
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The  curves  for  starting  the  frequency-changer  set  from  these 
transformers,  Fig.  12,  show  no  potential  disturbance. 

Two  load-curves  are  given  in  Fig.  13,  taken  at  Division  street. 
The  conditions  were  as  follows:  upper  curve,  volts  9000,  amperes 
85,  kilowatts  600,  power-factor  45%;  lower  curve,  volts  9000, 
amperes  105,  kilowatts  1600,  power-factor  97.5%. 

Fig.  14  shows  curves  obtained  at  Evanston  when  a  steam- 
driven  generator  at  High  wood  was  **  cut  in  "  with  the  line. 

At  the  Evanston  sub-station  there  are  three  200-watt  poten- 
tial transformers  connected  in  star  with  their  neutral  grounded 
on  both  primary  and  secondary.  It  will  be  remembered  that 
the  20,000-volt  line  is  grounded  solid  at  the  Division  street  trans- 
formers, but  at  no  other  point.  The  oscillograph  was  placed  in 
the  neutral  connection  to  ground  of  the  Evanston  potential  trans- 
formers* primary  and  a  current  of  76  milliamperes  was  obtained, 
this  amount  remaining  unchanged  even  when  a  resistance  of 
10,000  ohms  was  placed  in  series  with  the  ground  connection. 
The  impedances  of  the  three  transformers  have  not  been  mea- 
sured, but  their  load  is  not  balanced.  In  Fig.  15  this  current  wave 
is  shown  taken  simultaneously  with  pressure.  The  wave  for 
phase-to-phase  pressure  shows  ■  an  unstable  condition.  A 
summary  of  the  results  shown  by  these  oscillograms  is  given  in 
Table  3. 

Coficlusions  from  investigations.  From  the  spark-gaps  on 
the  20,000-volt  line  we  learn  then  that  pressure-rises  in  excess 
of  100%  occur  occasionally.  The  oscillograms  thus  fai^  ob- 
tained give  no  clear  evidence  of  the  cause,  but  the  cable  broke 
down  three  times  in  15  months,  two  of  these  times  in  the 
cable  itself,  either  as  a  result  of  these  rises,  or  of  weakness 
developed  by  mechanical  stresses  imposed  upon  the  cable  at  the 
time  of  installation.  This  record  is  reasonably  satisfactory, 
as  during  the  first  year's  operation  we  must  expect  to  eliminate 
the  weakest  points.  The  second  20,000-volt  line  which  will 
complete  this  northern  ring  is  being  installed  at  the  present 
time.  After  it  is  put  in  service  the  investigation  will  be  re- 
peated. The  spark-gaps  are  kept  in  service  continuously.  If 
dangerous  potential  rises  still  exist,  the  remedy  will  be  applied, 
which,  in  the  form  of  the  aluminum  arrester,  is  fortimately  at 
hand.  It  is  therefore  quite  prudent  to  state  that  20,000  volts 
is  a  safe  pressure  for  an  underground  system.  Whether  a 
higher  voltage  will  be  possible,  is  a  matter  which  has  received 
and  is  receiving  considerable  attention. 

Possible  future  developments.     The  awakened  interest  in  and 
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growing  demand  for  a  **  City  Beautiful  "  mean  the  ultimate 
removal  of  smoky  chimneys,  dirt  producing  factories,  and  in 
some  cases,  of  overhead  lines  from  within  the  heart  of  the  city. 
This  will  increase  the  demand  for  a  means  of  economically 
transmitting  energy  underground  in  large  quantities,  and  in 
many  cases  for  comparatively  long  distances.  When  that  time 
comes,  and  the  herald  has  already  appeared  above  the  horizon* 
the  operating  companies  will  ask  of  the  manufacturer  a  cable 
successfully  to  withstand  the  higher  pressures  required  for  the 
service. 

Another  condition  which  brings  about  a  demand  for  high- 
voltage  transmission  is  the  better  efficiency  at  present  obtainable 
from  large  generating  units  in  large  stations,  compared  with 
small  units  in  small  stations.  Recent  improvements  in  turbine 
design  are  resulting  in  greatly  decreased  steam  consumption, 
especially  for  smaller  units.  With  a  sufficiently  high  trans- 
mission voltage,  however,  it  will  in  many  cases  be  found  cheaper 
to  generate  large  quantities  in  a  large  station  and  transmit  to 
the  distant  center  where  the  load  is  comparatively  small,  than  to 
generate  in  a  smaller  station  at  that  center. 

Regarding  the  maximum  cable  voltage,  Mr.  E.  J.  Berg  in  his 
new  book  on  **  Electrical  Energy"  (page  50)  says: 

With  the  present  state  of  the  art  it  would  not  be  conservative  to  use  a 
cable  at'  more  than  say  26,000  volts  between  conductors  although  it  is 
to  be  expected  that  at  least  with  rubber  covered  cables,  or  cables  with 
insulation  of  varying  specific  inductive  capacity  a  much  higher  voltage 
can  finally  be  used. 

Mr.  H.  G.  Stott  stated  in  1906  in  a  paper  on  **  Underground 
Cables  ",*  that  in  his  opinion  cable  voltages  of  44,000  could  be 
used,  provided  the  neutral  of  the  system  were  grounded,  thus 
limiting  the  potential  to  ground  to  25,000  volts.  Cables  have 
been  made  which  in  the  factory  have  successfully  withstood 
pressures  as  high  as  80,000  volts  or  more  for  an  hour,  but  they 
have  not  yet  been  made  for  commercial  use  at  such  pressures. 
In  the  Elekirotechnische  Zeitschrift  of  July,  1907  (page  676) 
appeared  an  abstract  of  a  paper  by  de  Marchena  discussing  pres- 
sure limitations  for  cables  in  which  he  made  the  interesting 
statement: 

As  at  very  high  pressures,  potential  rises  are  expected  to  occur  less 
frequently  than  at  low  standard  pressures,  the  factor  of  safety  could  be 

*  Read  before  the  American  Street  &  Interurban  Railway  Engineering 
Association,  Oct.,  1906. 
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decreased  so  that  cables  for  a  standard  pressure  of  40,000  volts  may  be 
manufactured  especially  for  shorter  distances. 

It  would  be  of  interest  to  know  de  Marchena's  reason  for  this 
statement.  Messrs.  Feldman  and  Herzog  in  the  Elektrotech- 
nische  Zeitschrift  for  December,  1907  (page  1163)  cite  many 
cases  of  cable  installations  for  voltages  over  10,000  and  some 
over  20,000,  and  also  mention  the  very  severe  tests  to  which  these 
cables  were  subjected.  The  general  subject  of  high-tension 
transmission  by  underground  cable  is  ably  discussed  from  the 
manufacturer's  standpoint  by  Mr.  Richard  Apt,  Technical 
Director  of  the  Berlin  Cable  Works  (A.  E.  G.)  in  the  Elektro- 


FlG.   11. 

technische  Zeitschrift  of  Feb.  1908  (page  159).  Single-conduc- 
tor, concentric,  and  three-core  cables  arc  discussed,  as  well  as 
the  relative  merits  of  different  insulating  materials  and  of  alumi- 
num for  single-conductor  cables.  Mr.  Apt  prophesies  that  the 
single-conductor  cable  for  very  high  pressures  is  the  cable  of  the 
future.  The  installation  for  the  County  of  Durham  Electrical 
Power  Distribution  Co.  Ltd.,  England,  where  about  40  miles  of 
three-conductor  cable  was  put  into  service  for  the  first  time  for 
20,000  volts,  is  described.  The  cable  is  imbedded  in  troughs 
filled  with  an  asphaltum  compound.  Telephone  and  pilot 
wires  are  placed  under  the  trough.  It  is  stated  that  this  is  the 
method  generally  employed  in  England  for  laying  cables. 
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If  we  interpret  the  discussions  of  American  cable  engineers 
aright,  they  concur  with  Mr.  Apt  in  his  prophecy  regarding 
single-conductor  cable.  The  heating  of  the  dielectric  due  to 
electrostatic  stress,  with  consequent  weakening  of  insulation, 
the  critical  voltage  which  no  practical  thickness  of  insulation 
will  withstand — these  and  other  conditions  limit  the  stress  to 
which  insulation  can  safely  be  subjected.  With  single-conduc- 
tor cable  in  a  three-phase  system  the  line  pressure  can  thus 
be  \/3  times  the  maximum  safe  cable  pressure.  A  thin  wall  of 
high  dielectric  strength  is  desirable  to  lessen  heating  and  to  keep 
the  cable  from  being  too  large  and  too  stiff,  but  then  the  corona 
effect  due  to  highly  concentrated  electrostatic  stress  must  be 
considered  and  guarded  against.  Asphaltum  troughs  certainly 
guard  against  electrolysis  and  also  insulate  the  lead  sheaths  of 
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adjacent  cables  from  each  other.  These  sheaths  should  of  course 
be  grounded  at  one  end.  It  is  possible  that  the  commercial 
demand  for  underground  cables  at  voltages  from  30,000  to  40,000 
will  result  in  the  use  of  single-conductor  cable,  possibly  embedded 
in  asphaltum. 

With  the  increasing  popularity  of  all-the-year  country  life 
and  with  the  spread  of  communities  as  mentioned  in  the  be- 
ginning of  this  paper,  it  is  not  hard  to  imagine  a  time  when  it 
may  in  exceptional  cases  be  desirable  to  put  some  cross-country 
lines  or  parts  thereof  under  cover.  The  general  dependance  on 
electrical  energy  and  the  immense  investments  at  each  end  of 
these  transmissions  may  in  special  cases  justify  a  fairly  large 
expenditure,  provided  a  very  reasonable  assurance  of  reliability 
is  obtained.     As  many  of  these  lines  will  be  operating  at  pres- 
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sures  beyond  the  reach  of  imdergroimd  cables,  it  is  possible 
that  a  recently  suggested  protected  bus-bar  construction  may 
be  used.  Such  a  construction  could  follow  the  general  surface  of 
the  land  and  be  built  on  a  right-of-way  in  conjunction  with  a 
railway.  The  art  of  insulator  manufacture  will  undoubtedly 
advance  so  that  pressures  of  200,000  volts  or  more  could  be 
employed,  if  conditions  should  ever  demand  such  pressures. 
This  construction  appears  to  obviate  many  of  the  shortcomings 
of  present  high-tension  cable  systems. 
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Summary 

From  the  viewpoint  of  the  investor  or  operator  the  state  of 
the  art  regarding  high-tension  underground  transmission  might 
be  summarized  as  follows: 

1.  Undergrotmd  cable  systems  of  11,000  volts  and  under, 
if  properly  made,  installed,  and  operated,  will  give  at  least 
equally  and  probably  more  reliable  service  than  most  of  the 
other  elements  in  the  electric  power  system  of  which  the  cable 
system  is  a  part. 
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2.  Where  local  and  commercial  conditions  justify,  pressures 
as  high  as  25,000  volts  can  be  satisfactorily  used  even  for  sys- 
tems aggregating  as  much  as  a  hundred  miles  of  cable.  No 
single  line  of  such  a  system  would  be  much  longer  than  twenty 
miles.     If  higher  voltages  are  needed  to  meet  operating  require- 
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ments,  and  can  be  justified  commercially,  special  construction 
will  be  necessary  to  overcome  limitations  in  paper,  rubber,  or 
varnished  cambric  insulation,' and  also  in  the  standard  forms  of 
underground  conduit  or  subways  used  in  this  country. 

3.  On   comparatively   short   lengths,   underground   or  under 


Fig.  15. 

water,  as  a  part  of  a  long  overhead  transmission  line,  cables 
operating  at  40,000  volts  can  be  used. 

4.  Potential  rises  of  50%  and  100%  are  not  uncommon  in 
large  underground  cable  systems,  although  this  fact  may  not 
always  be  manifest,  due  to  high  factor-of-safety. 
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5.  Definite  knowledge  of  what  actually  occurs  in  large  high- 
potential  underground  systems  is  still  meager,  especially  re- 
garding intensity  and  frequency  of  surges,  heating  effects,  and 
critical  temperature  for  various  kinds  and  thicknesses  of  insula- 
tion, corona  effects,  and  similar  matters. 

In  conclusion  we  would  urge  all  companies  having  high- 
potential  cable  systems  to  keep  a  complete  and  systematic 
record  of  all  troubles.     To  quote  Dr.  Steinmetz: 

To  determine  the  origin  and  cause  of  high  voltage  disturbances,  so  as 
to  be  able  to  guard  against  their  recurrence,  the  most  important  thing 
seems  to  be  to  very  carefully  observe  and  record  all  the  details  of  the  phe- 
nomena, even  those  which  appear  unessential.  The  existence  of  static 
on  switchboards,  lines,  etc.,  and  the  existence  of  voltages  and  currents 
different  from  those  which  may  be  expected,  require  special  attention. 
Either  of  these  is  sufficient  to  raise  the  suspicion  of  some  dangerous  fault 
in  the  system  or  some  dangerous  arrangement  of  apparatus,  which  re- 
quires consideration  .  .  .  The  severity  of  the  phenomena  depends 
almost  entirely  upon  the  power  momentarily  available  in  the  system  and 
very  rapidly  increases  with  the  size  of  the  generating  stations.  With  the 
increasing  power  and  extension  of  electric  systems  we  must  expect  to 
see  these  disturbances  increase  in  destructiveness.  The  prospect  which 
this  holds  out  for  the  future  is  not  very  agreeable;  it  shows,  however,  the 
increasing  importance  for  the  operating  engineer  to  study  and.  become 
familiar  with  the  subject,  so  as  to  be  able  to  cope  with  the  problems  which 
are  before  him,  which  perhaps  are  the  most  serious  in  the  field  of  elec- 
trical engineering  ...  It  would  therefore  be  a  great  help  if  a  far 
closer  interchange  of  experience  existed  between  different  operating 
engineers. 

May  we  not  urge  on  all  engineers  to  remember  these  words 
and  to  appreciate  how,  by  following  Dr.  Steinmetz*s  bidding,  we 
all  can  help  to  advance  the  art. 

Addendum 
Spark-gaps,  In  using  spark-gaps  as  a  means  for  measuring 
potentials,  certain  precautions  must  be  taken  to  insure  reliable 
results.  This  fact  is,  of  course,  well  known.  The  spark-gaps 
mentioned  in  the  paper  were  made  up  on  the  usual  insulated 
standard  and  provided  with  ordinary  No.  5  sewing  needles. 
The  series  resistance  consisted  of  carbon  rods,  of  an  amount  to 
limit  the  current  to  about  one-half  ampere  at  normal  pressure. 
In  order  to  get  the  correct  interpretation  for  the  various  settings, 
the  conditions  of  humidity  and  temperature  of  the  places  where 
the  spark-gaps  were  installed  were  duplicated  in  the  laboratory 
and  the  gaps  were  repeatedly  calibrated  from  0.4  to  1..3  in.  gap. 
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Within  this  range  they  were  found  to  agree  to  within  about  2%. 
of  the  Institute  Standardization  Rules.  It  is  safe  to  assume 
then  that  the  indications  recorded  in  the  paper  are  correct  within 
5%,  which  is  well  within  the  accuracy  required  for  this  work. 

Where  the  spark-gaps  are  in  continuous  service,  to  detect 
occasional  high  rises  it  is  necessary  either  to  renew  the  needles 
daily,  or  to  brush  the  points  frequently  to  avoid  an  accumula- 
tion of  dust  which  would  alter  the  effective  gap-distances.  Any 
tight  enclosure  around  the  gap  to  prevent  this  accumulation 
would  introduce  errors  due  to  the  ionization  of  the  enclosed  air. 
During  a  discharge  the  needle  points  bum  to  a  bead,  the  size  of 
this  bead  being  an  index  of  the  severity  of  the  discharge,  and 
thus  roughly  of  the  intensity  of  the  disturbance  at  that  point. 
A  recording  meter  is  placed  in  series  with  the  gaps  to  record  the 
time  of  the  discharge. 

Oscillograph.  The  development  of  a  successful  portable 
oscillograph  marked  an  important  step  in  the  development  of 
cable  systems.  It  afforded  a  means  for  studying  the  system 
analytically,  so  that  causes  for  possible  imstable  conditions 
could  be  determined  and  guarded  against.  In  the  particular 
application  of  detecting  voltage  rises  of  short  duration  its  use- 
fulness, while  still  very  great,  is  more  limited.  The  time-in- 
terval, already  mentioned  in  the  paper,  introduces  an  external 
limitation.  The  limitations  of  the  apparatus  itself  are  principally 
as  follows: 

1.  The  free  periodicity  of  the  vibrators  is  less  than  that  of 
some  occasional  waves  of  very  short  length.  In  the  oscillograph 
used  in  the  test  the  vibrators  were  adjusted  for  their  highest 
free  periodicity,  about  6,000  cycles  per  second.  Any  peak 
having  a  periodicity  higher  than  this  would  not  be  correctly 
recorded.  However,  a  peak  of  such  extremely  short  duration 
would  have  too  little  energy  to  cause  a  harmful  disturbance  and 
would  thus  be  of  little  interest. 

2.  The  vibrator  cannot  be  made  absolutely  dead-beat,  but 
fair  results  are  obtained  with  five  parts  of  castor  oil  and  one 
part  of  turpentine  as  the  damping  medium. 

3.  The  self-induction  of  the  vibrator  circuit  is  not  entirely 
nil,  but  is  sufficiently  low  to  be  practically  negligible. 

4.  The  sensitiveness  of  apparatus  cannot  be  made  perfect, 
and  its  degree  of  perfection  in  this  regard  determines  the  degree 
of  accuracy  of  its  indications.  The  amperes  per  millimeter  of 
deflection  of  the  three  vibrators  used  is  from  0.00518  to  0.00578, 
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While  in  these  four  important  qualities  the  oscillograph  does 
not  attain  the  ideal,  yet  for  all  practical  purposes  the  apparatus 
is  quite  satisfactory.  The  limited  time-interval  of  application 
is  the  most  serious  shortcoming,  and  probably  the  cause  for  the 
absence  of  double-potential  peaks  on  the  curves.  A  great 
number  of  oscillograms  could  be  taken  and  yet  none  of  them 
happen  to  coincide  in  time  with  a  high  peak.  This  was  actually 
jthe  case  in  the  tests  made,  during  which  there  was  never  a  spark- 
gap  discharge  simultaneous  with  the  taking  of  an  oscillogram. 
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Discussion   on   **  High-Potential  Underground  Transmis- 
sion.'*   New  York  October  9,  1908. 

President  Ferguson:  The  subject  for  discussion  this  evening, 
gentlemen,  is  not  only  interesting  from  a  scientific  standpoint, 
but  is  of  great  importance  commercially,  because  of  its  possible 
influence  upon  the  investment  and  methods  of  operation  of  our 
large  lighting  and  power  systems. 

With  the  concentration  of  the  production  of  electrical  energy, 
with  its  attendant  advantages  of  lower  initial  investment  and  of 
increased  economy  in  operation,  which  seems  to  be  the  order 
of  the  day,  there  naturally  follows  the  necessity  for  higher 
voltages.  This  demand  is  coming  now  not  only  from  the 
country  districts,  where  water  power  exists,  but  also  from  the 
more  congested  districts,  such  as  our  great  cities  where  immense 
power  houses  have  been  established  to  supply  not  only  the 
lighting,  power,  and  railways  of  the  cities  themselves,  but  also 
of  the  suburban  area  for  many  miles  around. 

With  the  increase  in  values  of  property  in  the  centers  of  our 
large  cities,  there  comes  a  gradual  expansion  of  the  congested 
areas  and  with  it,  in  the  interest  of  public  safety,  a  limitation 
in  the  use  of  overhead  construction,  especially  for  high-tension 
transmission  lines,  and  we  find  ourselves  facing  the  necessity 
of  placing  them  underground. 

Although  a  great  deal  of  thought  has  been  given  to  the  sub- 
ject of  overhead  high-tension  transmission,  there  appears  to  be 
much  less  definitely  known  regarding  high-tension  underground 
transmission,  possibly  because  the  necessity  for  such  knowledge 
has  not  previously  existed.  The  possibilities  of  the  future  are 
so  great  and  the  trend  of  the  times  so  marked  that  it  appears 
the  subject  before  us  is  a  timely  one,  and  it  would  seem  very 
important  that  all  operating  companies  supplying  energy  in 
bulk  should  investigate  the  matter  thoroughly  and  give  it 
much  serious  thought,  since  a  knowledge  of  the  conditions 
existing  may  result  in  great  saving  in  investment  and  greater 
reliability  in  operation. 

It  is  with  the  idea  in  view  of  bringing  out  such  knowledge  as 
may  be  available  and  impressing  upon  those  interested  the 
importance  to  them  of  assisting  in  the  development  of  the 
work  that  the  paper  of  the  evening  is  presented  to  you. 

Charles  H.  Merz:  Those  of  us  who,  by  periodical  visits  to  the 
states  and  by  meeting  American  engineers  when  in  England, 
have  been  able  to  keep  in  touch  with  American  progress,  have 
always  been  much  impressed  by  the  development  and  distribu- 
tion of  electrical  energy  in  large  cities  in  the  States. 

High-potential  underground  transmission  has  been  used  in 
such  cases,  but  in  the  outlying  districts  it  is  perhaps  not  incorrect 
to  say  that  underground  transmission  has  only  recently  com- 
menced to  take  the  place  of  overhead  transmission.  The  fact 
that  a  large  proportion  of  the  work  hitherto  has  been  in  crowded 
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and  congested  districts  probably  explains  why  a  **  draw-in  " 
or  **  conduit  "  system  has  been,  so  far  as  the  writer  is  aware, 
generally  adopted  for  underground  transmission  in  the  United 
States  in  preference  to  the  so-called  **  solid  "  system  of  laying 
cables,  largely  in  vogue  in  England,  or  armored  cables  which 
are  used  almost  exclusively  on  the  Continent  of  Europe  and 
also  largely  in  England.  The  extension  of  underground  trans- 
mission to  outlying  and  less  congested  districts  will  probably 
result  in  the  merits  of  these  other  two  systems  of  laying  transmis- 
sion cables  being  considered.  It  may  be  of  interest  to  refer  briefly 
to  these  different  systems  of  laying  cables  and .  to  some  con- 
siderations affecting  the  layout  of  the  cable  network  in  such 
districts. 

For  congested  districts,  such  as  are  met  with  in  the  centre 
of  all  large  cities,  the  "  duct  '*  system  is  often  the  only  practicable 
system  because  it  is  impossible  to  take  up  the  streets  frequently 
to  lay  further  cables  or  to  carry  out  repairs.  Accessibility  to 
the  cables  is,  however,  some  would  say,  the  only  advantage 
of  this  system  for,  when  laid  in  this  way,  the  lead  of  the  cables 
is  probably  more  exposed  to  deterioration  by  electrolysis  and 
chemical  action  than  in  either  of  the  other  two  systems  referred 
to  above.  Further,  the  system  is  expensive,  especially  if  the 
manholes  are  really  substantially  constructed  and  if  proper 
precautions  are  taken  to  prevent  a  fault  on  any  one  cable  inter- 
fering with  the  other  cables.  It  is  also  probable  that  the  carry- 
ing capacity  of  the  cables  for  a  given  section  is  somewhat  less 
than  with  either  of  the  other  two  systems,  due  to  the  bunching 
together  of  a  large  number  of  cables  in  a  confined  space  and  the 
presence  of  air  between  the  cable  and  the  duct,  which  must 
interfei-e  with  the  transfer  of  heat  from  the  cable.  This  latter 
point  is  influenced,  of  course,  to  a  great  extent  by  the  number 
of  ducts  laid  together  and  the  arrangement  of  the  ducts  rela- 
tively to  one  another. 

In  the  so-called  **  solid  "  system  the  cable  is  laid  in  an  earthen- 
ware or  wooden  trough  sufficiently  large  to  allow,  say  0.75  in. 
clearance  all  round  the  cable,  which  space  is  filled  with  bitumen, 
pitch  or  some  similar  substance.  The  trough  is  covered  by 
3  in.  brick  or  tile. 

According  to  the  writer's  experience,  the  solid  system  in 
either  earthenware  or  wooden  troughs  is  the  cheapest  of  the  three 
systems  mentioned.  In  saying  this  it  is  assumed  that  armored 
cables  are  only  permissible  if  the  lead  and  armoring  are  effectively 
protected  from  moisture,  etc.  This  necessitates  not  only  a 
sufficient  number  of  wrappings  between  the  lead  and  the  armor 
and  outside  the  armor,  but  also  effective  impregnation  of  these 
coverings  with  some  waterproof  and  insulating  composition 
that  will  not  crack  when  the  cable  is  bent  and  which  will  retain 
its  qualities.  An  efficiently  armored  cable  costs,  laid  in  the 
ground,  in  England  from  5  per  cent  to  10  per  cent  more  than  a 
tead-covered  cable  laid  on  the  solid  system,  but  it  would  seem 
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fair  to  say  that  an  armored  cable  which  is  made  and  finished  in 
the  factory,  where  proper  supervision  is  possible,  should  have  a 
longer  life  than  cables  laid  either  on  the  solid  system  or  drawc 
into  ducts.  The  solid  system  has,  however,  proved  an  ex- 
tremely efficient  system  in  practice  If  care  is  taken  in  the  com- 
position of  th3  material  useci  for  filling  in  the  troughs,  so  that  in 
this  country,  at  any  rate  in  outlying  districts,  it  works  out  some 
what  cheaper  than  a  thoroughly  well  designed  and  manufactured 
armored  cable,  and  it  will  no  doubt  continue  to  be  largely  used 
for  such  purposes. 

Apa;rt  from  the  question  of  life  of  the  lead,  which,  as  far  as 
present  experience  goes,  is  the  same  thing  as  life  of  the  cable 
itself,  the  accessibility  of  the  conduit  system  is  of  little  or  no 
advantage  in  outlying  districts.  In  the  writer's  opinion  it  is 
of  little  advantage  anywhere  except  in  the  most  congested 
districts,  for  the  following  reasons: 

1.  It  is  more  expensive,  even  if  there  are  several  ducts  laid 
together  and  all  ducts  contain  cables. 

2.  It  is  much  more  expensive  in  initial  capital  expenditure 
if  spare  ducts  are  laid. 

3.  Apart  from  the  question  of  the  greater  security  of  supply, 
if  mains  are  laid  by  different  routes  it  does  not  pay  in  most 
cases  to  lay  more  than  one  cable  by  the  same  route;  for  it  is 
obvious  that  if  it  is  a  question  of  supplying  any  given  large 
area  with  power,  the  more  the  cables  can  be  distributed  along 
different  routes  the  greater  will  be  the  number  of  power  ,users 
that  can  be  supplied  without  large  expenditure  on  branch 
cables. 

The  question  of  the  most  economical  arrangement  of  network 
is  one  that  grows  in  importance  as  the  area  to  be  supplied  in- 
creases. In  congested  districts  where  very  large  powers  are 
dealt  with  from  one  sub-station  situated  within  a  relatively 
short  distance  of  the  generating  station,  it  is  frequently  only 
possible  to  deal  with  the  load  by  means  of  a  radial  system; 
that  is,  a  system  in  which  several  mains,  one  or  more  of  which  are 
spare,  run  from  the  generating  station  to  each  sub-station. 
When,  however,  it  comes  to  a  question  of  distributing  power 
over  wide  areas  and  in  outlying  districts,  a  radial  system  in 
which  two  or  more  cables,  one  of  which  is  a  spare,  are  laid  by 
the  same  route  to  each  sub-station,  becomes  very  expensive  and 
it  is  necessary  to  consider  higher  voltages  and  the  use  of  so- 
called  '*  ring  mains."  The  use  of  high  voltage  also  enables 
the  most  economical  section  of  copper  to  be  used.  This  econom- 
ical section,  according  to  the  writer's  experience,  is  in  general 
somewhere  between  a  0.1  sq.  in.  and  a  0.15  sq.  in.  cable  (say 
125,000  circular  mils  and  190,000  circular  mils)  for  three-core 
cables;  that  is  to  say,  it  is  more  economical  in  first  cost  per 
kilowatt  transmitted  to  transmit  a  certain  amount  of  power 
by  means  of  a  cable  of  this  section  working  at  a  sufficiently  high 
pressure  to  enable  it  to  carry  the  required  quantity  of  power 
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than  by  any  other  section  or  voltage.  This,  of  course,  arises 
solely  on  account  of  the  fact  that  the  smaller  cable  can  be  worked 
at  a  considerably  higher  current  density  for  the  same  tempera- 
ture rise.  In  congested  districts  where  it  is  impossible  to  avoid 
the  use  of  several  cables  on  the  same  route  to  a  sub-station  fed 
direct  from  the  generating  station,  it  would  be  more  economical, 
if  armored  cable  or  cables  laid  on  the  solid  system  were  used,  to 
lay  a  relatively  large  number  of  cables  of  the  economical  section 
rather  than  a  smadler  number  of  cables  of  the  larger  section 
working  at  the  same  voltage.  If  a  conduit  line  be  used,  how- 
ever, the  number  and  size  of  cables  are  decided  more  by  the 
total  quantity  of  heat  that  a  block  of  cables  so  laid  can  radiate 
tnan  by  any  other  consideration;  and  for  the  sake  of  simplicity 
and  to  reduce  losses  and  heat  generated,  the  tendency  will  be 
to  keep  down  the  number  of  ducts  and  increase  the  section  of 
the  cable  to  0.25  sq.  in.,  or  even  more,  with  a  corresponding  in- 
prease  in  the  total  cost  per  kilowatt  capacity.  This  is  a  further 
argument  in  favor  of  armored  cable  or  cables  laid  solid. 

Jf  the  network  be  made  up  of  ring  mains,  the  power  may  flow 
in  either  direction  along  any  individual  cable  and  it  is  not 
possible  automatically  to  isolate  a  length  of  faulty  cable  by 
means  of  automatic  cutouts  of  the  ordinary  overload  and 
reverse-current  type.  According  to  the  writer's  experience, 
however,  any  difficulty  in  this  direction  can  be  got  over  by 
the  use  of  some  form  of  balanced  relay  system.*  With  this 
device  faulty  lengths  of  cable  can  be  instantaneously  cut  out 
without  any  interference  with  the  system  or  with  synchronous 
plant  running  thereon,  and  without  interrupting  the  supply 
to  any  consumer,  however  many  sub-stations  may  be  connected 
to  the  ring  main,  and,  what  is  perhaps  more  important,  there 
is  no  danger  of  a  section  of  the  system  that  is  not  faulty  being 
also  cut  out. 

. .  This  system  has  acted  in  such  a  satisfactory  manner  in  actual 
practice  that  it  is  now  being  adopted  largely  both  in  this  country 
and  abroad  for  protecting  all  kinds  of  cable  systems,  whether 
laid  out  as  ring  mains  or  on  the  radial  system. 

Experience  in  the  north  of  England  shows  that  a  20,000-volt 
underground  cable  system  may  be  installed  with  assurance  that 
it  will  work  well.  In  the  counties  of  Northumberland  and 
Durham  there  is  now  nearly  100  miles  of  such  cable  in  use. 
The  cables  are  three-core  paper  cables  lead-covered  and  laid 
on  the  solid  system  in  earthenware  troughs;  they  are  made  to 
stand  a  test  pressure  of  double  the  working  pressure  after  laying 
and  jointing,  and  short  samples  of  the  cable  are  specified  to 
stand  in  the  factory  pressures  of  four  times  the  working  pressure 
after  bending  tests  have  been  applied.     There  is  also  a  very 

*For  further  details  of  this  system  see  Electrical  Review  (London,^ 
August  28th,  1908.  and  the  Elektrotechnische  Zeitschrift,  dated  19th  and 
2ath  March,  and  2nd  April,  1908.     (Paper  by  Herr  KuhUnarm) . 
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large  mileage  of  12,000-volt  and  6,000-volt  cable  working  in 
conjunction  with  the  20,000-volt  system.  In  cables  for  extra* 
high-tension  work  the  joints  have  generally  been  found  to 
possess  the  lowest  factor  of  safety,  and  it  is  well  worth  while 
devoting  special  attention  to  their  design  so  as  to  provide  ample 
margin  in  insulation  to  cover  indifferent  workmanship  on  the 
part  of  the  jointer,  and  to  make  sure  that  after  laying,  the  cable 
and  not  the  joints  would  break  down  if  a  sufficiently  high  pres- 
sure were  applied. 

Spark-gaps  arc  installed  at  each  end  of  each  cable  length.  At 
special  points,  such  as  where  overhead  lines  join  the  cable  sys- 
tem, water  resistances  are  installed,  thus  providing  a  path  for 
any  surges  that  may  occur  under  working  conditions. 

Experience  has  proved  that  there  is  no  more  trouble  with 
such  a  system  than  with  a  5,000-volt  system.  On  several  occa- 
sions consecutive  lengths  of  20,000-volt  cable  connected  in 
series  to  form  a.  single  length  of  over  20  miles  have  been  switched 
on,  but  in  ixO  case  has  there  been  any  evidence  at  the  spark- 
gaps  or  elsewhere  of  any  excessive  pressure.  Cables  directly 
connected  to  a  large  step-down  transformer  at  the  farther  end 
have  also  been  switched  on  without  trouble.  11, 000- volt  over- 
head lines  and  cables  have  been  working  in  series  on  the  same 
network  for  some  time  without  any  dangerous  surging.  In 
some  cases  when  faults  have  occurred  in  20,000-volt  joints,  the 
automatic  cut-outs  have  been  found  to  isolate  the  fault  before 
the  compound  in  the  joint  has  become  thoroughly  carbonized, 
and  it  has  been  necessary  to  close  the  switches  and  allow  them 
to  operate  again  several  times  before  the  localization  tests  could 
be  applied.  This  treatment  must  subject  the  system  to  heavy 
rushes  of  current,  but  there  has  been  no.  evidence  of  dangerous 
surging  in  the  pressure  which  could  not  be  taken  care  of  by  the 
spark-gaps,  etc. 

H.  W.  Fisher:  Though  the  results  of  the  tests  given  by  the 
authors  indicate  what  voltages  cables  may  be  subjected  to  under 
working  conditions,  yet  I  think  it  must  be  admitted  that  under 
other  working  conditions  similar  tests  might  have  shown  quite 
different  results.  It  is,  therefore,  highly  desirable  that  other 
operating  companies  should  make  similar  tests  covering  a  long 
period  of  time  and  present  the  results  before  the  Institute. 
When  this  is  done  a  better  idea  of  the  conditions  producing 
maximum  voltage  stress  can  be  obtained. 

The  authors  have  not  specified  clearly  what  they  mean  by 
double  working  voltage,  for  with  a  grounded  neutral  the  voltage 
to  ground  on  the  20,000-volt  lines  would  be  11,550  volts.  This 
doubt  impels  me  to  ask  if  the  voltage  applied  between  conduc- 
tors and  ground  is  2  X  11550  =  23100  volts,  and  that  between 
conductors,  40,000  volts?  If  these  are  the  voltages  applied, 
the  test  to  ground  is  not  sufficient,  because  in  some  cases  the 
spark-gap  method  gave  over  25,000  volts.  I  would  suggest 
two  and  one-half  times  the  working  voltage  as  a  figure  ttuit  ii 


Digitized  by  VjOOQIC 


1908]  DISCUSSION  AT  NEW  YORK  1533 

more  in  keeping  with  tests  made  on  other  large  installations  of 
cables  in  New  York  City  and  elsewhere,  as  it  is  to  the  interest 
of  both  manufacturer  and  operator  to  have  the  assurance  that 
the  cables  in  question  can  withstand  for  five  minutes  two  and 
one-half  times  the  working  voltage  without  failure  or  injury  to 
the  dielectric. 

I  presume  that  the  11,000  volts  mentioned  several  times  at 
the  bottom  of  Fig.  4  should  really  be  11,5C0  volts,  the  electro- 
motive force  to  ground  on  a  20,000-volt  circuit  with  the  neutral 
grounded. 

With  cables  operating  at  extremely  high  volta.c^es,  limita- 
tions in  duct  size,  test  of  cable,  and  the  possibility  thc.t 
impulsive  rises  of  voltage  are  proportionally  less  than  with 
lower  voltages,  may  make  a  double  working  voltage  test 
sufficient. 

Statements  made  in  the  paper  convey  the  impression  that  a 
good  insulating  compound  is  the  all-important  feature  of  cable 
joints.  I  believe  that  the  method  of  joint  construction  is  the 
first  and  most  important  consideration;  after  this  work  is  done 
well,  the  use  of  any  good  insulating  compound  of  proved  merit 
with  fairly  high  melting  point,  a  compound  which  docs  not  in 
compounding  with  the  insulation  of  the  cables  themselves  form 
an  inferior  mixture,  will  insure  perfect  joints.  It  should  be 
remembered  that  the  insulating  of  the  individual  conductors 
is  a  matter  which  almost  necessarily  and  unavoidably  varies 
with  the  workmen.  I  have  found  that  by  standardizing  joint- 
making  by  the  use  of  properly  prepared  paper  tubes  of  suitable 
size  and  composition,  I  am  able  to  insure  at  least  the  necessary 
minimum  thickness  of  insulation  at  all  points.  In  my  experi- 
ence this  plan  works  out  better  than  where  the  thickness  and 
tension  under  which  insulating  tapes  are  applied  by  individual 
workmen  are  left  to  individual  judgment.  I  understand 
that  such  tubes  were  used  on  the  cables  referred  to  by  the 
authors. 

In  one  of  the  foot-notes  I  see  that  the  voltage  rise  was  30 
per  cent  more  when  the  neutral  was  grounded  through  2.G  ohms. 
Was  this  increase  due  to  a  distortion  of  the  electromotive  force 
wave  curve  by  increasing  the  ratio  of  maximum  to  mean  cflcc- 
tive  volts?  I  have  obtained  this  effect,  but  only  when  the 
series  resistance  was  high. 

It  is  interesting  to  note  that  the  voltage  did  not  rise  when 
the  circuit  was  opened.  This  I  suppose  was  due  to  the  fact 
that  oil  circuit-breakers  open  at  or  near  the  zero  part  of  the 
electromotive  force  wave.  I  have  frequently  obtained  rises  of 
voltage  by  opening  a  switch  which  made  an  air  arc  when  oper- 
ated. 

The  authors  say  that  **  asphaltum  troughs  certainly  guard 
against  electrolysis.'*  I  must  take  exception  to  this  statement, 
because  the  worst  cases  of  electrolysis  I  have  known  were  on 
cables  laid  in  troughs  filled  with  asphaltum.    If  a  cable  could  be 
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perfectly  protected  from  moisture  by  asphaltum,  I  admit  that 
electrolysis  would  not  occur,  but  this  is  scarcely  possible,  and  at 
the  moist  spots  the  electrolysis  is  greatly  accentuated  causing 
pit  holes  in  the  lead.  I  know  of  cases  where  thousands  of  feet 
of  cable  laid  in  asphalt  trouglis  were  completely  destroyed  by 
electrolysis.  While  it  may  seem  desirable  to  insulate  the  lead 
covers  of  cables,  it  must  be  remembered  that  when  these  cables 
are  of  the  single-conductor  type  and  carry  alternating  currents 
these  induced  voltages  between  the  lead  covers  may  be  con- 
siderable. 1  have  obtained  from  15  to  30  volts  per  1000  ft. 
with  an  ordinary  lead-covered  cable,  and  in  the  case  of  a  steel- 
wire  armored  cable  the  lead  volts  per  1000  ft.  were  100.  The 
lead  volts  per  1000  ft.  on  the  same  kind  of  cable  armored  with 
two  wraps  of  steel  tape  were  350.  From  this  it  is  evident  that 
at  least  in  tlie  case  of  armored  cables,  the  armor  and  lead  should 
be  connected  frequently,  especially  as  the  lead  current  may  be 
as  high  as  80  per  cent  of  the  conductor  current,  and  this  is  of 
sufficient  magnitude  to  cause  destructive  alternating-current 
electrolytic  action  if  the  current  be  concentrated  at  isolated 
points.  Fortunately,  in  practice  the  sheath  of  armored  cables 
IS  generally  continuously  grounded. 

The  thickness  of  insulation  on  the  9000-volt  cables  is  given 
but  it  is  not  given  in  the  case  of  the  20,000-volt  cable. 

H.  G.  Stott:  I  recently  passed  through  Buffalo,  and  I  was 
interested  to  inquire  about  the  history  of  certain  cables  which 
I  put  down  there  in  1891.  They  were  rubber-covered  cables, 
^  in.  rubber,  with  lead  jacket,  and  put  down  to '  carry  60- 
light  arc  circuits,  having  approximately  3000  volts  pressure. 
I  found  that  they  are  using  these  same  cables  to  carry  100-liglit 
enclosed  arc  lamp  circuits  of  7500  volts.  As  these  cables  are 
now  17  years  old,  the  permanency  of  the  investment 
seems  to  be  very  gratifying.  Other  cables,  I  think  0000  copper 
size,  which  were  purchased  and  put  down  at  the  same  time, 
17  years  ago,  for  use  on  1100  volts,  having  also  -/y  in. 
rubber  insulation  with  lead  jacket,  are  to-day  carrying  2C00 
volts,  and  are  said  to  be  the  best  cables  they  have. 

Referring  to  Table  I,  the  first  column  shows  the  year,  and 
the  second  the  miles  of  cable.  It  will  be  noticed  that  after  the 
first  2  years  the  miles  of  cable  are  a  little  more  than  doubled. 
The  first  2  years  apply  to  the  cables  of  the  Manhattan  Elevated 
Railway,  and  subsequently  they  apply,  from  1904  on,  to  the 
subway  cables  also.  For  the  last  3  years  there  have  been 
over  350  miles  of  11000- volt  cables  in  service.  Following  along 
the  first  year  there  will  be  found  a  classification  of  the  troubles, 
which  shows  a  total  of  7  bum-outs,  due  to  various  causes, 
one  of  which  was  due  to  a  surge.  The  last  column,  excludinj^ 
external  causes  and  damages  due  to  crowbars,  etc.,  gives  tho 
number  of  bum-outs  per  100  miles  of  cable  per  annum. 
In  the  first  year  taere  was  considerable  trouble  with  the  joints, 
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but  there  was  only  one  fault  in  122  miles  of  cable,  and  there 
were  only  4.91  bum-outs  per  100  miles,  due  to  all  internal 
causes. 

In  the  second  year,  1903,  there  were  four  breakdowns  due  to 
surges.  Dr.  Steinmetz  has  expressed  an  opinion  on  what 
probably  took  place,*  and  concluded  that  these  surges  probably 
caused  a  rise  of  potential  of  120,000  volts,  so  that  an  11, 000- volt 
cable  can  not  be  blamed  for  breaking  down  under  these  con- 
ditions. 


TABLB  I. 

HlOH-TSNSIOir  CaBLS  BrBAKDOWN  SUMlCAIt& 

Jan.  1902  to  Oct.  1906. 
11,000  Volts. 


Miles 

of 
cable 

In 
joint 

In 
bend 

In  cable 

External 
causes 

Total 

Excluding  external 
causes  and  sunses 

Year 

Paulte 

Surges 

per  year  per 
hundred  miles 

1902 

122 

3 

2 

1 

1 

7 

4.01 

1908 

144 

2 

1 

4 

1 

8 

2.09 

1904 

330 

1 

1 

1 

3 

0.61 

1905 

351 

1 

2 

3 

0.85 

1006 

353 

3 

3 

X 

4 

11 

1.70 

1907 

353 

1 

5 

6 

0.28 

1908 

368 

1 

4 

5 

0.28 

Total 

11 

3 

8 

6 

15 

43 

NOTK. — 

(  Mechanical  injury. 
External  Causes  }  Steam  leaks. 

f  Armor  bums  Irom  other  cables. 


The  number  of  bum-outs  per  100  miles  of  cable  per  annum 
has  fallen  during  the  last  2  years  to  0.28,  or  practically  one 
fault  per  400  miles  of  cable  per  year.  That  is  a  reassuring 
record;  when  our  overhead  transmission  lines  can  show 
anything  like  it,  we  can  look  forward  to  reliable  long-distance 
transmission. 

Fig.  1  is  an  oscillograph  record  taken,  which  shows  the  turbine 
generator  running  on  the  circuit.  No.  I  is  the  voltage  on 
phases  1  to  2,  10,000  volts;  No.  II  is  No.  I  phase  to  neutral, 
5780  volts;  No.  Ill  is  neutral  to  ground. 
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Fig.  2  shows  the  same  machine  simply  switched  on  to  o8.3 
miles  of  cable.  .  This  is  rather  an  interesting  record.  No.  1  is 
the  potential  wave,  No.  II  is  charging  current  to  cable  phase  1, 
and  No.  Ill  charging  current  to  cables  through  neutral  There 
is  a  very  pronounced  ninth  harmonic    it  amounts  probably  to 
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Pig  2 

seven  per  cent  of  the  lundamental.  That  was  a  revelation,  as 
we  had  no  idea  that  any  such  harmonic  as  that  existed,  and  we 
are  going  to  make  further  investigations.  I  think  it  also  illus- 
trates the  pomt  that  further  investigations  on  underground  cables 
will  probably  yield  great  rewards  for  our  trouble. 
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Mr.  Merz  is  a  distinguished  engineer  of  very  wide  experience, 
but  I  think  that  we  should  apply  his  conclusions  with  great 
caution.  Two  systems,  absolutely  similar  as  to  cableji.  ca- 
pacities, inductiince,  etc.,  but  having  widely  different  amounts 
ot'  p'.wer  connected,  may  act  in  entirely  different  ways.  A 
system  absolutely  harmless  with  perhaps  a  couple  of  thousand 
kilowatts  connected  to  it,  may  become  subject  to  the  most 
destructive  surges  and  phenomena  of  all  kinds  when  100,000 
kilowatts  are  connected  to  it.  In  the  particular  case  of  the 
Interborough  system,  it  is  possible  to  develop  more  than  300,000 
kw.  on  short-circuits  between  stations.  In  Mr.  Merz's  system 
there  are  comparatively  small  and  scattered  stations,  as  I  under- 
stand, so  in  our  American  plants  there  is  an  entirely  different 
set  of  conditions. 

An  apparatus  which  is  going  to  help  out  materially  in  the 
development  of  large  power  plants  is  the  induction  type  of  gen- 
erator. We  cannot,  I  believe,  go  on  adding  indefinitely  to  the 
capacity  of  synchronous  generators  in  one  plant.  We  will  soon 
reach  a  point  where  the  short-circuit  current  will  be  so  great 
that  it  will  be  absolutely  impossible  to  take  care  of  it  by  any 
automatic  apparatus.  We  all  know  that  in  the  case  of  a  bad 
short-circuit  on  a  large  system  the  time-element  relays  and 
reverse-current  relays  fail  to  act  selectively,  and  everything 
goes  out.  With  the  induction  generator,  however,  we  can  add 
on  to  our  present  plants  indefinitely  without  increasing  the 
short-circuit  current,  as  the  induction  generator  has  the  peculiar 
charact'^ristic  of  practically  ceasing  to  generate  under  short- 
circuit  conditions. 

E.  J.  Berg:  This  paper  gives  a  clue  to  the  probable  maximum 
voltage  for  high-potential  cables.  This  clue  is  more  discemable 
when  the  results  obtained  by  the  authors  are  compared  with 
those  obtained  in  similar  tests  recently  made  by  Mr.  W.  F.  Wells 
and  myself  on  the  Brooklyn  Edison  Company's  system.  In 
these  tests  the  voltage  was  6,000  instead  of  9,000,  and  the 
neutral  was  not  grounded.  We  also  found  from  spark-gap 
indications  that  under  apparently  normal  conditions  double 
voltage  existed  at  times.  These  abnormal  voltages  occurred 
relatively  seldom,  perhaps  once  in  a  week,  or  once  in  two  weeks, 
whereas  with  the  9,000-volt  cables  in  the  Chicago  system  these 
abnormal  voltages  took  place  every  day;  and  in  the  case  of  the 
20,000-volt  system  they  found  them  much  more  frequently. 
From  this  it  seems  reasonable  to  conclude  that  the  difficulties 
due  to  abnormal  voltages  will  increase  with  the  cable  voltage, 
as  should  indeed  be  expected,  since  a  large  part  of  the  available 
energy-  is  stored  electrostatically  and  is  proportional  to  the 
square  of  the  voltage.  Beyond  question,  commercially  a  20,000- 
volt  cable  system  seems  perfectly  practicable,  the  question  is 
how  mixh  higher  can  the  pressure  be  raised. 

At  the  St.  Louis  International  Congress  in  1904  Mr.  Jona  read 
a  paper  on  cables,  discussing  the  dielectric  strength  of  various 
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insulating  compounds  and  insulators,  in  general.  If  I  remember 
correctly,  he  stated  that  the  maximum  permissible  potential 
gradient  at  the  surface  of  the  conductor,  using  rubber  as  insula- 
tor, was  300,000  volts  per  inch.  Assuming  that  to  be  correct, 
it  is  possible  to  calculate  the  limiting  voltage  for  a  given  r>ize 
conductor.  Calculations  show  that  it  would  not  be  practicable 
to  use  small  conductors  at  20,000  volts  and  above.  At  40,000 
volts  quite  large  insulators  would  have  to  be  used  even  if  the 
insulation  were  of  the  very  best. 

With  large  conductors,  it  would  be  hardly  practicable  to  make 
three-conductor  cables,  they  would  be  unwieldy;  consequently 
single-conductor  cables  would  be  used.  With  single-conductoi 
cables,  difficulties  may  be  anticipated,  since  there  is  considerable 
losses  in  the  lead  if  the  lead  is  grounded,  and  if  the  lead  is  insu- 
lated it  is  subjected  to  considerable  voltages.  However,  these 
voltages  are  proportional  to  the  current,  and  the  losses  to  the 
square  of  the  current,  and  the  current  will  be  relatively  small  at 
40,000  volts,  so  that  these  difficulties  may  not  be  serious. 

The  authors  mention  the  large  current  taken  by  transformers 
in  switching.  The  oscillograms  show  six  times  normal  full- 
load  current;  that  is,  perhaps  sixty  to  one  hundred  times  the 
normal  exciting  current  or  the  current  which  would  flow  after  a 
second  or  two.  This  abnormal  current  depends  upon  the 
magnetic  condition  of  the  transformer  and  the  phase  of  the  im- 
pressed electromotive  force  at  the  time  the  switch  is  closed.  In 
general,  the  lower  the  saturation  under  normal  operation  the 
less  instantaneous  current.  If  the  density  of  the  iron  in  the 
transformer  were  65,000  lines  per  square  inch,  double  voltage 
could  be  applied  without  saturating  the  iron.  Thus  such  trans- 
formers would  not  be  saturated  when  closed  to  a  circuit  of 
normal  voltage  even  if  the  phase  relation  of  the  electromotive 
force  were  most  unfavorable,  assuming  that  the  residual  magne- 
tism were  small.  With  such  transformers  the  maximum  cur- 
rent would  no  doubt  be  less  than  full-load  current.  They 
would,  however,  require  from  30  to  50  per  cent  more  iron,  and 
would  therefore  cost  more.  This  construction  would  not  be 
warranted  unless  great  advantages  were  gained.  These  ad- 
vantages would  be:  first,  small  current,  which  often  is  of  little 
/alue;  secondly,  small  mechanical  stresses  on  winding  which 
may  be  of  advantage.  So  far  I  have  been  unable  to  locate  any 
large  stresses,  but  they  undoubtedly  exist. 

Wallace  S,  Clark:  The  authors  say  that  in  a  grounded  sys- 
tem— I  presume  they  mean  star-connected — with  the  neutral 
grounded,  the  bum-outs  take  place  to  ground.  That  is  not 
necessarily  so.  It  happened  in  this  case  because:  first,  the 
insulation  to  ground  is  less  than  that  between  conductors; 
secondly,  the  cable  is  paper-insulated,  and  the  usual  cause  of 
failure  of  paper-insulated  cable  is  some  injury  to  the  lead.  It 
is  probable  that  the  burn-out  would  go  to  earth,  but  if  the  cable 
had  the  same  thickness  of  insulation  to  lead  that  it  had  between 
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conductors,  it  is  possible  that  surges  would  also  have  caused 
some  rise  of  potential  between  phases,  and  might  have  caused 
a  bum-out  between  conductors. 

I  do  not  think  that  the  putting  of  high  voltage  periodically 
on  cables  for  the  purposes  of  tests  does  the  cable  any  good;  it 
does  not  show  anything,  and  it  is  no  assurance  that  the  cable 
tested  that  way  will  not  bum  out  the  next  day  or  the  next 
hour.  Insulation  tests  are  perhaps  a  little  better  made  peri- 
odically. Furthermore,  with  the  present  tendency  to  make 
paper  cables  with  very  low  insulation  resistance,  it  is  rather 
difficult  to  get  good  results  from  such  tests.  There  is  however, 
one  form  of  inspection  which  is  greatly  needed,  the  inspection 
for  electrolysis. 

If  the  same  amount  of  money  were  invested  in  watching  for 
electrolysis,  as  in  periodic  high-tension  insulation  testing,  just 
as  many  bum-outs  would  probably  be  avoided. 

That  with  a  star-connected  circuit  neutral  grounded  about 
seven-tenths  of  the  insulation  between  conductors  is  all  that 
is  needed  to  ground,  seems  to  be  more  of  a  theory  than  a  fact, 
because  the  potential  rise  noted  in  this  paper  seemed  to  be  to 
ground,  to  be  apparently  double  the  working  potential  between 
conductors,  and  a  good  deal  more  than  double  the  working  po- 
tential to  ground.  The  overcoming  of  this  condition  would 
really  be  of  tremendous  economical  importance,  because  it 
would  mean  a  very  much  cheaper  cable  for  a  given  service. 

There  is  one  feature  in  practically  all  types  of  cable  installa- 
tions that  has  not  been  referred  to;  that  is,  the  cable  that  is 
tested  for  five  minutes  at  two  and  one-half  times  the  working 
pressure  will  easily  stand  for  five  seconds  four  times  the  work- 
ing pressure.  That  the  puncture  is  a  factor,  not  only  of  the 
pressure,  but  of  the  length  of  time  the  pressure  is  applied,  has 
been  a  boon  to  every  cable  installation  in  this  country.  Several 
years  ago  J  made  some  tests  to  verify  this.  A  few  days  ago,  after 
reading  Messrs.  Junkersfeld  and  Schweitzer's  paper  I  made 
similar  tests,  and  these  gave  almost  exactly  the  same  results  as 
those  formerly  obtained. 

From  the  cable  manufacturers*  standpoint  there  is  no  hesita- 
tion about  using  25,000  volts.  But  I  do  not  think  that  it  is 
practicable  with  any  of  the  forms  of  insulation  in  use  at  present 
to  make  very  small  conductors  for  25,000  volts  satisfactorily. 
Furthermore,  25,000-  and  the  20,000-volt  cables  that  are  in  use 
in  this  country  are  really  working  at  a  less  factor  of  safety  than 
most  of  the  11, 000- volt  cables. 

I  understand  that  the  thickness  of  insulation  in  thousandths 
of  an  inch  between  conductors  on  the  Chicago  9, 000- volt  cables 
is  about  44,  and  on  the  20,000  volt  cables  about  28  per  1000 
volts.  It  is  undoubtedly  true  that  the  20,000-volt  cables  are 
made  with  more  care,  and  probably  with  a  higher  dielectric 
strength  in  the  insulating  material,  but  I  doubt  if  that  is  enough 
to  make  up  for  so  great  a  difference  in  thickness  pf  inst^lation 
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per  1000  volts,  so  it  must  be  acknowledged  that  these  cables  are 
worked  at  a  less  factor  of  safety.  This  condition  may  be  a 
justifiable  one,  because  these  cables  are  less  important  to  the 
system  than  the  9,000- volt  cables;  if  this  is  not  so  then  the 
9,000-volt  cables  have  altogether  too  much  insulation  on  them. 

In  the  matter  of  cable  economics,  assume  that  there  are  two 
cables,  a  25,000- volt  cable  and  an  11, 000- volt  cable  and  that 
they  will  last  almost  exactly  the  same  length  of  time.  Then  it  is 
necessary  to  write  off  more  money  per  year  depreciation  on  the 
25,000- volt  cable  than  on  the  11, 000- volt  cable  because  the 
copper  for  which  scrap  value  can  be  obtained  is  the  same. 
Assuming  the  scrap  value  of  the  copper  at  15c.  per  pound  for 
a  4/0,  11, 000- volt  paper  cable,  then  there  will  be  written  off 
for  whatever  may  seem  to  be  the  life  of  the  cable,  66c.  a  foot  on 
the  11,000-volt  cables,  and  on  the  25,000-volt  cable  about  $1.19 
a  foot. 

There  are  some  other  cables  besides  the  ones  mentioned  by 
Ilr.  Stott  which  are  running  along  peacefully  under  11,000 
volts  pressure,  and  are  just  about  as  good  as  when  they  were 
installed  in  1898.  I  think  they  are  the  oldest  11,000-volt  cables 
in  the  country.  Unfortunately  these  cables,  as  well  as  the 
cables  Mr.  Stott  mentioned,  are  rubber-insulated  and  do  not 
depend  entirely  on  the  lead  covers.  Just  how  long  a  lead- 
covered  paper  cable  will  survive  is  still  undecided. 

Alex  Dow:  In  Detroit  there  are  two  gables  operating  regu- 
larly at  23,000  volts.  Each  cable  is  39,075  ft.  long.  The  cable 
conductor  is  19-strand,  equal  to  No.  2  B.  &  S.  The  insulation 
is  y*y  in.  rubber  and  -^  in.  of  varnished  cambric  on  each 
conductor,  and  -j^  in.  varnished  cambric  over  all,  and  VV 
lead  sheathing.  The  lead  sheath  is  sectionalized  at  every  second 
manhole,  between  700  and  800  ft.,  in  order  to  prevent  the  travel 
along  the  lead  sheath  of  stray  railway  return  current.  Each 
of  these  700-  and  800-ft.  lengths  of  lead  sheath  is  solidly  con- 
nected to  earth.  One  of  these  cables  has  been  in  service  for  13 
months.  It  is  not  the  older  of  the  two  cables,  but  it  is  that 
which  has  the  most  continuous  and  useful  history.  It  went  into 
service  September  4,  1907.  Since  that  time  it  has  broken 
down  six  times.  One  of  these  brealidowns  was  obviously  due 
to  high  temperature  from  a  nearby  steam  heating  pipe.  The 
other  five  are  not  attributable  to  any  known  cause;  four  of 
the  breakdowns  were  in  the  cable  itself,  including  the  one  due 
to  the  known  cause;  two  of  them  were  in  joints.  There  were 
four  to  earth,  and  two  between  phases.  Adding  to  this  the 
experience  had  with  the  second  cable,  after  it  was  rejoined,  I 
may  say  that  the  total  breakdowns  were  twelve,  seven  of  which 
were  in  the  joints  and  five  in  the  cable.  Seven  were  short  cir- 
cuits and  five  to  earth.     So  that  nothing  seems  to  be  proved. 

The  most  notabk  observation  is  that  the  faults  occur  in  the 
middle  third  of  the  cable,  and  are  not  accompanied  by  any  great 
disturbances  at  the  terminals.    This  seems  to  confirm  the  ob- 
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servation  made  by  Messrs.  Junkersfeld  and  Schweitzer,  that  such 
disturbances  do  not  travel  the  ent'ire  length  of  the  cable,  but 
may  spend  their  energy  in  one  part  thereof.  Our  conception 
which  we  will  attempt  to  confirm  or  disprove  by  experiment,  is 
that  in  a  cable  of  that  length,  working  at  that  frequency,  con- 
nected in  the  way  in  which  that  is  connected,  the  tendency  is 
for  such  disturbances  to  attain  their  maximum  in  the  middle 
third  of  the  cable.  A  desirable  precaution  would  be  to  cut 
the  cable  in  the  middle,  looping  it  into  a  sub-station  in  that 
neighborhood  which  is  available,  and  there  connect  it  to  electro- 
lytic static  dischargers.  This  will  be  done,  and  the  action 
following  thereon  may  be  of  interest  to  us,  or  it  may  not. 

The  joints  of  the  first  cable  were  originally  insulated  accord- 
ing to  instructions  received  from  the  cable  manufacturers  by 
applying  a  straight  wrapping  of  the  varnished  cambric  tape. 
The  three-conductor  joints  were  wrapped  over  all  and  the  sleeve 
filled  with  a  compound.  It  was  obvious  to  us  that  the  com- 
pound used  could  not  possibly  penetrate  between  the  layers  of 
tape,  and  that  it  was  not  at  all  likely  to  penetrate  thoroughly 
all  the  larger  interstices  between  conductors.  It  did  not,  in 
fact.  The  joints  broke  down  continuously  from  the  time  the 
cable  was  put  in  service.  We  stopped  using  it  during  the  day, 
but  operated  it  at  4600  volts  during  evenings  as  a  reserve  cable. 
During  the  day  we  made  over  again  the  one  hundred  and  twenty- 
five  joints.  In  the  new  making  up  of  the  joints  we  restored  the 
rubber  as  nearly  as  might  be,  with  the  usual  vulcanizing  tape. 
We  also  restored  the  varnished  cambric  insulation,  thoroughly 
painting  each  lap  of  tape  with  a  non-drying  varnish  of  the  same 
kind  as  that  wsed  in  making  the  cable.  The  result  was  satis- 
factory. The  joints,  placed  on  test  in  comparison  with  the 
original  joints,  showed  that  they  could  remain  intact  under  a 
prolonged  test  of  30,000  volts.  The  original  joints  always  broke 
dovm  within  a  week  or  two.  The  cable  put  into  service  with 
these  new  joints  proved  as  satisfactory  as  the  other  cable  which 
had  such  joints  to  begin  with. 

Our  conclusion,  in  addition  to  the  one  already  given,  is  as 
follows.  It  is  essential  that  the  insulation  of  joints  shall  be 
solid  and  not  include  air,  as  air  in  the  lapping  sooner  or  later 
causes  the  joint  to  break  down. 

On  emergency  work  and  repairs  made  in  a  hurry  we  have 
used  rubber  and  paper  and  paraffin.  We  admit  that  paraffin 
is  not  entirely  satisfactory,  but  we  have  never  had  a  break- 
down which  could  be  attributed  to  moisture  in  a  paraffin  joint, 
and  there  is  no  doubt  that  thoroughly  boiled  out  paraffin 
has  no  air  left  in  it.  Whatever  of  shrinkage  there  is  in  the 
paraffin,  is  to  all  intents  and  purposes  followed  up  and  the 
joint  is  homogeneous. 

Another  conclusion  is  for  a  higher  factor  of  safety  to  earth. 
It  will  be  noticed  that  the  over -all  insulation  is  ^  in.  which 
is  theoretically  correct,  with  the  grotmded  neutral.     We  think 
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that  there  should  be  a  higher  margin  of  safety,  and  have 
adopted  it  on  a  third  cable  which  is  now  going  in. 

Mr.  Merz  wants  to  put  his  cables  down  solid  in  asphaltum  so 
that  they  will  not  be  attacked  by  electrolysis.  That  is  quite  a 
common  and  doubtless  a  proper  practice  in  England,  but  it  is 
questionable  whether  it  is  worth  while  in  America.  Of  late 
years  we  have  adopted  the  practice  of  laying  pavements  on 
water-proof  foundations.  In  almost  all  American  cities,  with 
a  few  exceptions,  like  New  Orleans,  the  soil  is  under  drained, 
so  that  the  soil  in  which  the  conduits  are  laid  is  reasonably  dry. 
Any  one  who  has  had  experience  with  cables  has  noticed  that 
in  a  street  in  which  electrolysis  was  frequent,  and  failure  of  lead 
coverings  common,  the  trouble  has  ceased  as  soon  as  the  street 
was  paved  with  a  water-proof  pavement.  It  is  obvious  that 
there  is  no  electrolysis  in  dry  soil,  but  perhaps  there  is  no  dry 
soil  in  England. 

The  system  referred  to  by  Mr.  Merz  is  along  the  line  of  a  dis- 
tribution system,  as  distinguished  from  a  transmission  system. 
In  none  of  our  large  systems,  except  perhaps  the  central  districts 
of  New  York  and  Chicago,  would  the  comments  of  Mr.  Merz 
be  quite  applicable.  The  cables  in  Detroit  and  in  most  American 
cities  go  into  sub-stations,  from  which  the  distribution  is  by 
overhead  lines.  Where  cable  distribution  is  required  it  is  under 
conditions  which  call  for  radial  distribution.  Circular  distribu- 
tion, while  occasionally  called  for,  is  not  frequent.  Therefore 
the  comparison  of  English  and  American  cable  methods  is  not 
direct,  but  can  only  be  indirect. 

Warren  Partridge:  The  experience  of  the  Public  Service 
Corporation  of  New  Jersey  with  high-potential  underground 
transmission  when  reduced  to  bum-outs  per  mile  of  cable  per 
year  has  been  considerably  better  than  the  20,000-volt  experi- 
ence in  Chicago,  as  reported  by  Messrs.  Junkersfeld  and 
Schweitzer,  but  when  compared  with  the  Chicago  9000-volt 
system,  the  results  have  been  very  much  worse.  The  exact 
facts  will  be  given,  however,  with  the  hope  that  they  may  help 
engineers  of  cable  systems  to  tend  toward  the  straight  and 
narrow  path  where  cables  never  puncture  nor  picks  break  through. 

The  essential  facts  of  the  Public  Service  system  are  as  follows: 

Marion  Plant  with  10,000  kw.  in  25-cynle  turbine  units 
and  6,000  kw.  in  60-cycle         "         " 

Coal  Street  plant  with  9,000  kw.  in  25-cycle  engine  units 

City  Dock      «         "      5,950  kw.  in  60-cycle     « 

and  3,000  kw.  in  60-cycle  turbine  unit 

The  City  Dock  plant  generates  2400  volts  two  phase  and  con- 
nects to  the  transmission  system  through  3000  kw.  in  trans- 
formers connected  three-phase — two-phase  Scott  system.  With 
this  exception  all  generators  are  three-phase,  13,200  volts  star 
wound.     The  neutral  is  not  grounded. 

Connected  to  the  13,200-volt  bus-bars  at  Marion,  Coal  Street, 
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and  City  Dock  are  twenty-one  underground  feeders,  aggregating 
81  miles  of  cable  and  two  overhead  feeders  aggregating  65  miles 
of  line.  These  cables  and  overhead  lines  feed  nine  60-cycle 
sub-stations  in  which  the  greater  part  of  the  apparatus  is  com- 
posed of  step-down  transformers,  and  twelve  25-cycle  sub- 
stations in  which  there  are  synchronous  converters.  The  60- 
and  25-cycle  systems  are  independent  except  that  some  cables 
can  be  used  on  either  service. 

One  cable  is  No.  4,  four  cables  No.  1,  while  the  remaining  six- 
teen cables  are  00.  All  are  three-conductor,  paper-insulated  ^V 
in.  over  each  conductor  and  ^\  in.  over  all,  giving  0.437  in.  be- 
tween conductors  and  between  each  conductor  and  ground. 
The  cable  sheath  is  J  in.  lead  and  the  majority  of  joint  sleeves 
are  paraffin  filled,  compound  having  been  used  on  a  few  of  the 
cables.     The  conduits  are  part  fibre  duct  and  part  tile  duct. 

The  record  of  cable  troubles  from  January  1,  1905  to  October 
1,  1908,  a  period  of  3.75  years,  is  as  follows:  breakdowns,  in 
jomts,  11;  from  external  causes,  16;  in  the  cables,  26;  a  total 
of  52.  The  total  number  of  cable-mile-years  is  255.  Therefore 
the  actual  cable  breakdowns  not  accounted  for  by  external 
causes  or  by  defective  installation  is  approximately  0.1  per 
mile  of  cable  per  year. 

Estimating  from  the  data  given  by  Messrs.  Junkersfeld  and 
Schweitzer,  the  results  in  Chicago  on  the  11, 000- volt  system 
are  approximately  0.02  and  on  the  20,000- volt  system  0.14 
breakdowns  per  mile  of  cable  per  year. 

The  data  given  by  Mr.  Rhodes  last  year  for  the  Interborough 
Rapid  Trarsit  Company  11,000-volt  system  showed  about  the 
same  results  as  the  Chicago  COOO-volt  system,  while  Mr.  Torchio's 
figures  for  the  New  York  Edison  were,  I  think,  even  better. 

Analyzing  the  breakdowns  by  cables,  shows  that  eleven  of 
the  twenty-one  cables  have  had  no  trouble  whatever,  that  five 
cables  have  had  one  each,  two  cables  two  each,  and  that  the 
remaining  sixteen  breaks  have  occurred  on  four  cables. 

These  four  cables  stand  out  by  themselves  as  follows:  two 
of  them  are  tie  lines  between  Marion  and  the  Coal  Street  and 
City  Dock  plants.  One  is  used  exclusively  for  25-cycle  and 
one  exclusively  .for  60-cycle  service.  Both  cables  run  from 
Marion  in  conduits  for  2500  ft.,  then  as  armored  submarines 
for  1000  ft.,  then  as  overhead  lines  for  16,000  ft.,  then  in  con- 
duits 11,000  ft.  and  again  as  armored  .submarines  1000  ft.  into 
the  Coal  Street  and  City  Dock  plants.  The  tie  lines  have, 
therefore,  peculiar  physical  characteristics.  Their  use  in  actual 
operation  differs  also  from  the  other  straight  feeder  lines,  for 
as  ties  between  generating  plants  a  considerable  amount  of 
synchronizing  is  done  over  them. 

It  is  not  the  practice  to  operate  the  plants  in  parallel  over 
these  lines;  they  are,  however,  often  synchronized  in  order  to 
transfer  load  from  one  station  to  the  other  without  service 
interruptions.     We  know  that  some  of  the  breakdowns  over 
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these  lines  have  been  due  to  synchronizing  or  rather  to  non- 
synchronizing  and  believe  that  others  have  been  due  to  tl:is 
same  cause  even  when  it  was  impossible  to  trace  the  sequence 
of  events. 

The  other  two  lines  that  have  a  large  number  of  bum-outs 
are  both  long  lines,  seven  miles  each,  are  both  operated  ex- 
clusively on  60-cycle  service,  and  are  both  smaller  than  the 
standard  00  cable,  being  No.  4  and  No.  1  respectively.  One 
feeds  from  the  Marion  bus-bar  and  one  from  City  Dock  bus-bar. 
What  the  relation  is  between  the  above  characteristics  and  the 
resulting  bum-outs  is  hard  to  determine.  Spark-gap  and 
oscillograph  records  during  different  switching  operations 
would  undoubtedly  throw  some  light  on  the  subject  and  will 
be  made  later  in  connection  with  proposed  installation  of 
electrolytic  dischargers. 

Voltage  surges  of  more  or  less  severity  have  taken  place  a 
number  of  times  on  the  system,  as  indicated  not  only  by  the 
cable  punctures  but  by  the  wrecking  of  many  sets  of  static 
dischargers  and  lightning-arresters. 

In  spite  of  all  diiTiculties  experienced  we  agree  with  the 
authors  of  this  paper,  that  cable  systems  are  fully  as  reliable 
as  other  elements  in  the  electric  power  system.  Our  records 
for  a  period  of  three  years  show  that  cable  breakdowns  caused 
but  7  per  cent  of  all  the  interruptions  to  service  and  that  the 
duration  of  time  of  cable  interruptions  was  no  longer  than  the 
average  for  interruptions  from  other  causes. 

A  quick  summary  of  the  essential  differences  between  the 
Chicago  system  and  the  Public  Service  system  might  be  made 
as  follows: 

1.  Chicago,  9000  volts.    Public  Service  13,200  volts. 

This  condition  is  at  once  much  more  severe,  "being  a  voltage 
increase  of  nearly  50  per  cent,  and  assuming  a  possible  surge 
voltage  of  double  potential  would  give  a  possible  maximum  of 
26,400  against  18,000. 

2.  Chicago,  essentially  all  underground  feeders. 

Public  Service,  a  considerable  amount  of  overhead  linfes  op- 
erated in  conjunction  with  the  cable  system. 

3.  Chicago,  thickness  of  insulation  per  1000  volts  0.44  inch 
between  conductors  and  0.38  in.  between  conductors  and  ground. 

Public  Service,  thickness  of  insulation  per  1000  volts  0.33  in. 
oetween  conductors  and  between  conductors  and  ground. 

However,  as  thickness  of  insulation  is  not  a  direct  function 
of  voltage  :t  is  probable  that  the  factor  of  safety  of  the  two 
insulations  is  n^t  radically  different. 

I  would  like  to  inquire  what  thickness  of  insulation  is  used 
on  the  20,000-volt  cables  at  Chicago,  and  whether  ducts  larger 
than  standard  3  in.  have  been  employed  to  carry  these  cables? 

4.  Chicago,  neutral  grounded. 
Public  Service,  neutral  not  grounded. 

There  may  be  other  differences  between  the  two  systems 
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which  would  be  evident  to  one  more  familiar  with  that  of  the 
Chicago  system. 

The  above  comparison  is  made,  in  order  to  give,  if  possible, 
some  clue  to  the  reasons  behind  the  greater  percentage  of 
breakdowns  that  have  occurred  on  the  Public  Service  system. 


Breakdowns 
13, 200- volt  cable  system 


External 
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9 

7-6-06 

"     E 

i' 

10 

7-  6-06 

J.C.A 
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"     A 
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1 
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V 

14 

9-25-06 

-    E 
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1 
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1 

17 

10-20-06 

-     B 

1 

18 
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i 
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1 

22 

3-15-07 

"    B 

V 
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i 
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1 
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V 

27 
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8-29-07 

"    L 

33 

8-30-07 

Nk.  J 

1 

34 

9-16-07 

35 

9-21-07 

"    M 

V 

36 

10-  5-07 

-     H 

V 

37 

10-20-07 

"    D 

38 

1-20-08 

'■^ 

1 

39 

2-18-08 

i 

40 

4-22-08 

"    M 

V 

41 

5-26-08 

"    L 

42 

7-  1-08 

"    A 

i 

43 

7-14-08 

Nk.  G 

44 

8-16-08 

J.^C.  C 

46 

8-20-08 

Nk.  J 

1 

46 

8-21-08 

47 

8-25-08 

j.c.c 

Nk.  J 

48 

8-25-08 

V 

49 

9-12-08 

"     t 

1 

50 

9-13-08 

J.C.F 

1 

51 

9-13-08 

l    ^ 

1 

52 

9-16-08 

"    G 

1 

Totals 

16 

11 

26 

Similar  comparisons  might  be  made  with  the  systems  of  the 
New  York  Interborough  and  the  New  York  Edison,  with  this 
difference:  the  New  York  Edison  system  is  6600  volts  and  the 
neutral  is  not  grounded,  while  the  Interborough  is  11,000  volts 
and  the  neutral  is  grounded  through  resistance. 
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The  fact  that  the  Public  Service  voltage  is  highei  than  any 
of  the  above  systems  seems  the  most  obvious  explanation  of 
the  results,  and  the  fact  that  the  Chicago  20,000-volt  figures 
are  not  as  good  as  those  from  their  9000-volt  system  further 
bears  out  this  conclusion;  the  answer  being  that  as  the  voltage 
has  been  raised,  the  general  factor  of  safety  of  cables,  switching 
devices,  protective  apparatus,  and  the  personal  element  of  the 
operators,  has  lagged  somewhat  behind. 

E.  E.  F,  Creighton:  All  experience  confirms  the  authors' 
statement  that  with  rapidly  growing  systems  the  destructive 
effects  and  danger  of  breakdowns  tend  constantly  to  increase. 
There  is  a  tendency  to  danger  from  another  source  which  may 
be  distinguished  from  that  of  mere  increa§e  of  kilowatt  capacity 
and  mileage  of  cable.  This  danger  is  involved  apparently  in 
accidental  coincidence  of  capacity  and  inductance  with  a  surge 
frequency  of  harmonic  when  an  accidental  arcing  ground  takes 
place.  There  is  a  third  condition,  mentioned  by  the  authors, 
namely,  rises  of  potential  when  the  circuit  is  operating  nor- 
mally. By  normal  operation  is  meant  the  absence  of  arcs  be- 
tween any  phase  and  ground,  or  an  isolated  conductor.  There 
is.  still  a  lack  of  complete  experimental  data,  but  I  feel  con- 
vinced that  these  three  conditions  outlined  are  quite  distinct, 
although  they  may  all  exist  simultaneously.  Reviewing  these 
conditions. 

1.  The  troubles  resulting  from  excessive  power.  A  short- 
circuit  of  great  power  stores  up  electromagnetism  which,  if 
suddenly  destroyed,  produces  excessive  potentials.  It  is  gen- 
erally believed  that  arcs  of  thousands  of  amperes  of  alternating 
current  have  a  tendency  suddenly  to  interrupt  the  current. 
Incidentally,  the  excessive  mechanical  strains  have  a  tendency 
to  crack  or  otherwise  injure  insulation,  combined  with  an  acci- 
dental arcing  ground. 

2.  The  second  condition  is  the  old  meace,  resonance.  That 
a  mere  increase  in  power  and  cable  mileage  may  have  less  to  do 
with  the  production  of  transient  abnormal  potentials  was  proved 
by  some  tests  made  by  the  writer  in  association  with  Mr.  S.  D. 
Sprong.  The  conditions  of  a  cable  system  were  such  that  the 
instantaneous  value  of  the  surges  could  be  recorded  with  an 
oscillograph.  Tests  were  made  first  with  one  cable,  then  we 
were  surprised  to  find  that  the  surges  were  less  when  a  second 
cable  was  connected  to  the  same  bus-bar.  When  a  third  cable 
was  added,  however,  the  surges  were  again  aggravated  and  in- 
creased in  severity  for  every  successive  addition.  The  detailed 
results  of  these  tests  wc  hope  to  present  later,  when  the  work 
will  be  more  complete. 

3.  The  surges  not  generated  by  an  arcing  ground  which  travels 
around  a  circuit  are  surrounded  with  mystery.  They  are  not 
directly  connected  with  switching  or  accidental  conditions,  and 
by  observation  they  frequently  produce  higher  potentials  on 
the  system  than  accidental  arcing  grounds.  The  probable  source 
of  the  CKicillations  is  the  arcs  on  the  low-voltage  circuit. 
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In  some  tests  made  several  years  ago  on  the  system  of  the 
Detroit  Edison  Company  operating  under  normal  conditions 
we  found  potentials  of  125  per  cent  every  few  seconds,  poten- 
tials of  150  per  cent  to  175  per  cent  every  few  minutes,  and 
potentials  of  over  200  per  cent  twice  in  one  day. 

It  is  not  possible  commercially  to  insulate  every  conductor 
from  its  adjacent  conductor  sufficiently  to  carry  the  maximum 
potential  strains  of  the  system.  For  example,  a  turn  of  a 
transformer  normally  carrying  10  volts  cannot  always  be  insu- 
lated to  carry  the  line  potential  of  say  10,000  volts,  yet  it  is 
possible  to  get  such  a  potential  there.  Fortunately  such  poten- 
tial differences  do  not  occur  frequently  in  actual  practice,  and 
on  the  end-turns,  where  they  usually  appear,  the  insulation  is 
exceptionally  reinforced. 

L.  T.  Robinson:  In  view  of  the  reference  to  some  limitations 
of  the  oscillograph  used  bv  Messrs.  Junkersfeld  and  Schweitzer, 
and  the  accompanying  statement  that  **  For  all  practical  pur- 
poses the  apparatus  is  quite  satisfactory,"  I  do  not  feel  that  the 
remarks  are  entirely  justified. 

In  reference  to  the  free  periodicity  of  the  vibrators,  it  is 
quite  possible  to  produce  moving  systems  in  which  the  current 
passes  through  the  strips  having  a  frequency  of  nearly  double 
that  which  was  used  or,  roughly,  10,000.  However,  this  is 
accomplished  at  such  a  sacrifice  of  strength  and  size  in  the 
moving  parts,  that  it  is  not  desirable  for  industrial  use.  Fur- 
ther, with  few  exceptions  any  investigation  that  requires  a 
frequency  in  the  vibrators  of  over  six  or  seven  thousand  would 
require  a  frequency  of  an  entirely  different  order. 

The  authors  say  that  the  vibrators  cannot  be  made  absolutely 
dead  beat.  I  feel  that  this  must  be  due  to  a  misunderstanding 
of  what  can  readily  be  accomplished,  as  the  tests  on  vibrators 
shown  in  Figs.  1  a  and  6,  indicate  over-damping  in  some  instances. 

It  is  true  that  the  self-induction  of  the  vibrator  circuit  can 
never  be  entirely  nil.  This  is  no  less  true  of  any  circuit  which 
can  be  arranged.  The  inductance  of  the  vibrators  themselves 
is  so  small  in  comparison  with  any  arrangement  of  conductors 
which  can  be  used  to  connect  it  to  the  circuit  under  test,  that 
this  limitation,  if  it  has  any  real  significance,  does  not  relate 
specifically  to  the  oscillograph.  In  fact  it  is  quite  possible  that 
the  vibrator  itself,  due  to  the  action  of  the  moving  strips  in  the 
magnetic  field,  could  be  represented  as  a  capacity  rather  than 
as  an  inductance;  that  is,  the  current  through  this  circuit  as  far 
as  the  vibrator  only  is  considered  may  possibly  be  leading  by 
an  imperceptible  amount. 

The  sensitiveness  of  the  apparatus  can  be  improved  somewhat, 
but  if  a  different  class  of  problems  entirely  are  to  be  attacked  a 
sensibility  of  an  entirely  different  order  is  required,  and  the  small 
amount  which  can  be  gained  by  sacrificing  strength  and  dimen- 
sions of  moving  parts  is  not  worth  while.  The  limited  time- 
interval  of  application,  I  believe,  should  not  be  considered  a 
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Pig    1. — a.  Overdamping. 
Three  vibrators  using  separate  zero  lines 


Fig.  1. — 6.  Critical  damping.     Single  vibrator. 


The  time  scale  is  such  that  the  portions  of  records  shown  in 
(/  and  b  correspond  to  about  1.25  sec. 
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shortcoming  at  all.  To  meet  conditions  of  continuous  applica- 
tion for  comparatively  long  intervals,  special  devices  for  moving 
a  film  to  receive  the  image  have  been  devised.  They  could 
easily  be  made  and  would,  undoubtedly,  be  successful^  The 
trouble  here  is  not  one  relating  to  mechanical  or  electrical  de- 
tails, but  to  the  fact  that  to  operate  a  film  continuously,  of  the 
usual  width,  and  at  speeds  ordinarily  employed,  would  cost 
about  $500  per  hour,  a  prohibitive  amount. 

I  believe  the  reason  why  no  spark-gap  discharges  were  ob- 
tained simultaneously  with  the  taking  of  an  oscillogram  was 
due  to  the  fact  that  the  potential  rises  represent  a  very  small 
amount  of  energy.  When  the  oscillograph  is  connected  the 
discharge  passes  through  it,  thus  preventing  any  rise  of  poten- 
tial, and  fails  to  record  on  the  film,  either  because  of  its  very 
short  duration,  or  the  very  small  current  in  the  instrument  at 
the  time. 

Henry  Floy:  The  experience  with  20,000  volts  here  cited 
and  the  testimony  that  could  be  adduced  regarding  25,000-v6lt 
cables  show  that  even  at  these  higher  voltages  such  cable  is 
reliable.  Above  these  potentials,  we  have,  as  far  as  I  know, 
no  commercial  installations  in  this  country.  The  authors  have 
touched  on  the  questions  as  to  whether  it  is  practicable,  and 
whether  commercial  conditions  will  require  in  the  near  future, 
the  use  of  cables  at  higher  potentials.  Some  figuring  has  been 
done,  particularly  by  engineers  in  England,  tending  to  demon- 
strate that  25,000  volts  is  as  high  a  potential  as  it  will  com- 
mercially and  financially  pay  to  use  in  connection  with  cables, 
indicating  that  if  higher  voltages  are  attempted  the  cost  of  the 
cables  will  be  so  great  as  to  make  preferable  the  installation  of 
cables  in  greater  number  operating  at  lower  potentials. 

With  reference  to  high-tension  cables  for  alternating-current 
service,  the  manufacturing  companies  are  ahead  of  the  operating 
conditions;  that  is  to  say,  the  manufacturing  companies  have  for 
years  been  ready  to  furnish  cables  for  higher  potentials  than 
the  operating  companies  were  ready  to  use.  For  instance,  at 
present  it  is  possible  to  obtain,  a  cable  designed  for  75,000- volt 
operation,  tested  for  a  much  higher  potential;  but  I  do  not  sup- 
pose that  any  one  is  quite  ready  to  install  a  75,000-volt  under- 
ground distributing  system,  although  possibly  such  cables  could 
advantageously  be  used  at  the  end  of  an  aerial  line  or  under 
water  where  special  conditions  require  special  construction. 

As  regards  the  commercial,  financial,  and  practical  use  of 
higher  tension  cables;  that  is,  those  designed  for  potentials 
above  25,000  volts,  the  speaker  has  been  investigating  this 
matter  lately  and  has  obtained  within  the  last  two  weeks  from 
a  number  of  the  largest  cable  manufacturers,  prices  on  high- 
tension  cables  for  11, 000- volt,  25,000-volt,  35,000-volt  and 
50,000-volt  service,  having  conductors  of  No.  0000  B.  &  S. 
gauge;  also,  not  so  recently,  quotation  on  75,000-volt  cable  of 
50   square   mm.   conductivity.     The   60.000-   and   75,000-volt 
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cables  are  single-conductor;  all  the  other  cables  are  three  con- 
ductor, each  separately  insulated,  laid  up  under  one  insulating 
jacket  and  covered  with  lead  sheathing  J  in.  in  thickness  and 
containing  3  per  cent  tin.  The  thickness  of  the  insulation 
varies  slightly  with  the  different  manufacturers,  the  specifica- 
tion calling  simply  for  time- tests  of  double  normal  voltage. 
The  curves  shown  represent  present-day  average  prices  for  the 
different  cables  indicated.  The  curves  were  obtained  by  plot- 
ting the  prices  quoted  for  the  several  characters  of  insulation 
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at  the  voltages  named  and  drawing  lines,  to  represent  the  av- 
erage, through  the  points  as  plotted.  The  speaker  assumes  it 
is  fair  to  conclude  that  curves  obtained  in  this  way  correctly 
iadicate  the  cost  of  cables  at  any  voltage  throughout  their 
bngth.  The  price  indicated  for  three  50,000-volt  paper  insu- 
lated single-conductor  cables  is  the  average  price;  that  for 
graded  similar  cables  is  the  quotation  of  a  single  maker;  the  same 
with  regard  to  the  75,000-volt  cable,  except  that  the  cross- 
section  is  of  50  square  mm.  instead  of  No.  0000. 
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Where  No.  0000  conductors  are  intended  for  5(),000-volt 
service  or  above,  the  thickness  of  the  insulation  becomes  so 
great  with  three-conductor  cable  that  it  is  impossible  to  put  the 
completed  cable  through  the  leading  machines  at  present  avail- 
able. It  may  be  possible  to  develop  machines  of  larger  cross- 
section,  but  I  believe  at  present  about  3  in.  is  the  largest  cable 
that  can  be  lead  sheathed.  This  means  that  for  the  higher 
voltages  requiring  thicker  insulation,  single-conductor  cables 
must  be  used  which  means  increased  cost  compared  with  three- 
conductor  cables.  This  is  to  the  disadvantage  of  the  higher 
voltages,  but  is  compensated  for  by  the  fact  that  fewer  spare 
cables  are  required  as  a  reserve. 

The  conclusion  that  the  speaker  comes  to  from  a  consideration 
of  these  curves  is  that  25,000  volts  is  not  the  commercial  limit 
for  underground  cables.  There  is  no  reason  why  the  same 
commercial  advantages  cannot  be  obtained  by  increasing  the 
potential  to  35,000  or  40,000  volts,  where  the  type  of  cables 
are  three-conductor,  because  the  cost  increases  in  the  same 
ratio  as  the  potential  both  above  and  below  25,000  volts.  Simi- 
larly, for  certain  conditions  it  will  be  commercially  advantageous 
to  use  50,000  or  even  75,000-volt  cables. 

John  W.  Lieb,  Jr.:  I  would  like  to  say  a  word  or  two  on  the 
contribution  made  by  Mr.  Merz.  As  several  of  the  speakers 
have  said,  the  local  conditions  in  this  country  are  so  different 
from  those  that  prevail  abroad,  that  it  is  very  difficult,  without 
giving  them  most  careful  consideration,  to  determine  which  is 
the  better  type  of  construction  to  use. 

My  own  experience  with  underground  construction  abroad 
dates  from  1882.  In  that  year  quite  an  extensive  underground 
system  was  laid  in  Milan,  Italy,  using  Edison  tubes.  It  took 
just  about  six  months  in  that  particular  locality  to  destroy  a 
wrought-iron  tube  laid  underground.  The  accumulated  detritus 
of  many  centuries,  together  with  the  poor  drainage  and  sewerage 
system,  made  these  tubes  subject  to  corrosion  to  such  an  ex- 
tent that  it  showed  conclusively  that  the  Edison  tube  sjrstem 
which  was  in  successful  practical  use  in  this  country  was  not 
adapted  to  the  new  conditions,  and  as  a  result  after  1885, 
steel-banded,  lead-covered  cables  were  used  exclusively. 

A  few  years  later  there  was  laid  in  that  city  one  of  the  first 
2,000-volt  alternating  current  underground  systems,  using  con- 
centric cables.  This  type  of  cable,  lead  covered  with  steel 
band  armor,  has  given  splendid  results  abroad  and  is  the  typ« 
most  extensively  used. 

The  type  of  cable  advocated  by  Mr.  Merz  is  very  much  better 
suited  to  European  conditions  than  our  American  drawing-in 
system,  as  they  have  to  deal  largely  with  built-up  communities 
where  they  can  more  easily  and  readily  foresee  the  probable 
future  requirements. 

Philip  Torchio:  Seven  years  ago  Dr.  Steinmetz  gave  us  the 
mathematical  theory  of  surges  on  high-tension  systems.     Since 
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then  the  oscillograph  applied  to  high-tension  cable  systems  has 
confirmed  graphically  the  values  deduced  from  formulas  and 
the  numerical  values  of  line  and  power  constants,  making  the 
results  of  these  investigations  of  great  benefit  to  the  operating 
and  designing  engineer  alike.  It  is  interesting  to  compare  these 
oscillograph  records  with  similar  data  obtained  a  few  years  ago 
by  David  on  a  considerably  smaller  system  in  the  south  of 
France  and  by  Patchell  in  London.  Messrs.  Junkersfeld  and 
Schweitzer  have  also  experimented  on  a  20,000-volt  line,  which 
is  double  the  voltage  previously  experimented  upon.  Their 
conclusion,  that  20,000-volt  cables  do  not  act  differently  from 
lines  at  lower  voltages,  is  not  only  valuable  for  its  industrial 
application  but  also  for  the  practical  confirmation  of  the  theories 
that  have  been  advanced  and  their  applicability  to  wider  limits. 
For  this  the  Institute  is  greatly  indebted  to  the  authors. 

As  a  contribution  to  the  experimental  data  of  this  paper  the 
writer  wishes  to  present  a  record  of  disturbances  in  the  high- 
tension  cable  system  of  The  New  York  Edison  Company  during 
the  last  few  months.  The  history  of  all  cable  disturbances  of 
this  company  for  the  first  five  and  nine  years  was  presented  to 
the  Institute  by  the  writer  in  June  1903  and  October  1907 
respectively. 

These  two  communications  described  the  two  types  of  instru- 
ments to  give  immediate  indication  of  every  **  high-tension 
ground  "  on  the  cables  or  system.  The  first  is  an  electrostatic 
ground  indicator  with  suitable  contacts  and  alarm  bells,  and 
gives  indications  of  low  resistance  grounds  only.  The  other  is 
a  selective  ground  indicator  and  indicates  the  lowering  of  insu- 
lation in  advance  of  a  dead  ground,  and  also  designates  on 
which  particular  feeder  (averaging  80  or  90)  the  ground  is  de- 
veloping or  has  developed.  Reference  in  the  table  is  made  to 
each  type  of  instrument  respectively  by  the  designation,  **  elec- 
trostatic ground  detector,"  and,  *' selective  ground  indicator.*' 

From  the  theoretical  point  of  view  the  above  records  are 
interesting  in  showing  the  existence  of  the  time-element  in  the 
breakdown  of  insulation,  the  effects  of  momentary  grounds  on 
the  system,  etc. 

This  record,  as  well  as  the  previous  ones  reported,  includes  ab- 
normalities of  all  kinds  however  unimportant  or  inconsequential 
they  may  have  been  from  an  operative  standpoint  or  in  their 
effects  on  the  system  as  a  whole.  A  large  proportion  of  the  so- 
called  **  disturbances  **  or  "  defects  "  referred  to  were  not  on 
the  Edison  system  at  all  but  were  located  on  the  premises  of 
large  customers,  to  whom  high-tension  current  was  supplied. 

As  illustrating  the  value  of  these  selective  ground  indicators 
from  an  operating  standpoint,  it  may  be  of  interest  to  cite  one 
case  of  cable  breakdown  which  occurred  in  January  1907,  be- 
fore the  selective  ground  indicators  were  installed.  ^..-OnB^  phase 
of  a  cable  grounded  and  some  sixty  odd  feeders  bgfd  to  be  taken 
out  of  service,  one  at  a  time,  before  the  grounded  cable  T\as 
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located.  Two  hours  elapsed  from  the  time  the  ground  occurred 
before  the  faulty  cable  was  located. 

Attention  is  called  to  the  fact  that  in  five  out  of  twelve  of  the 
cases  reported  the  selective  ground  indicator  gave  its  indications 
long  enough  in  advance  to  enable  the  operator  to  clear  the 
defect  before  actual  short-circuit  occurred. 

The  practice  of  the  New  York  Edison  Company  in  subjecting 
cables  to  high-potential  tests  differs  somewhat  from  that  given 
in  the  paper,  in  that  new,  altered,  or  repaired  cable  is  subjected 
to  a  test  of  double  working  voltage  between  conductors  and 
ground  for  2  minutes,  and  20  per  cent  above  working  voltage 
between  conductors  for  3  minutes. 

Chas.  P.  Steinmetz:  Electrical  engineers  are  indebted  to  the 
authors  for  demonstrating  that  underground  cable  systems  of 
magnitude  and  power  can  be  operated  with  very  few  cable 
breakdowns,  and,  further,  in  such  a  way  that  the  cable  break- 
downs do  not  involve  the  interruption  of  the  system,  but  can 
be  taken  care  of  perfectly  by  the  protective  devices.  This  is 
the  more  reassuring  when  we  realize  that  the  destructive  possi- 
bilities vary  in  almost  direct  proportion  with  the  power  back 
of  the  system.  Underground  cables  have  been  operated  for 
many  years  on  arc  circuits  on  6000  or  10,000  volts  with  very 
little  trouble.  But  these  systems  were  of  limited  power.  A 
cable  of  the  same  size  operating  under  the  same  voltage  may 
give  satisfactory  results  on  one  system;  on  another  results  may 
be  unsatisfactory,  due  to  the  greater  power  back  of  it. 

It  would  be  interesting  to  investigate  still  further  how  much 
stored  energy  there  is  available  in  this  system,  not  merely  the 
riated  capacity  of  the  engines  and  generators,  but  the  energy 
stored  in  the  magnetic  field  of  the  conductors,  in  the  electrostatic 
field,  and  in  the  mechanical  momentum  of  the  synchronous  ap- 
paratus, generators  as  well  as  synchronous  motors  and  con- 
verters. All  this  apparatus  is  ready  without  a  moment's  notice 
to  feed  back  their  energy  into  any  part  of  the  system.  It 
would  be  interesting,  too,  to  calculate  the  maximum  discharge 
rate  of  this  stored  energy,  because  it  would  be  found  that  this 
apparently  enormous  power  of  118,000  kw.  is  insignificant 
compared  with  the  mjaximum  possible  discharge  rate,  which 
probably  runs  into  the  millions  of  kilowatts.  This  must  be 
taken  into  consideration  in  discussing  the  action  and  operation 
of  a  cable  system. 

Theoretical  investigation  as  usually  found  in  the  literature 
of  this  subject,  shows  that  the  maximum  possible  voltage  cannot 
exceed  double  voltage.  Here  the  spark-gap  records  much  more. 
This  shows  that  much  of  our  so-called  information  on  transient 
phenomena  does  not  agree  with  the  actual  facts; that  our  knowl- 
edge is  still  incomplete.  I  believe  that  this  subject  is  just 
passing  from  a  chaotic  state  into  a  state  where  we  shall  begin  to 
know  something  of  value.  Ten  or  fifteen  years  ago  our  theo- 
retical ideas  of  the  operation  of  transformers  and  generators 
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did  not  agree  with  the  performance  of  these  apparatus.  The 
same  condition  exists  now  with  these  transient  phenomena. 
The  phantom  circuit  of  distributed  capacity  and  inductance 
with  which  most  of  the  literature  deals,  is  a  uniform  circuit  of 
uniformly  distributed  capacity  and  inductance,  which  oscillates 
with  a  definite  frequency.  Is  it  very  different  from  the  circuit 
existing  in  practice,  which  is  a  combination  of  circuits  of  dif- 
ferent constants  joined  to  the  massed  inductance  of  generators, 
transformers,  etc.,  and  in  these  complex  circuits  the  voltage  rise 
may  greatly  exceed  double  value. 

I  think  that  this  investigation  could  be  extended  still  further 
by  inserting  spark-gaps  across  sections  of  the  circuit,  across 
inductive  devices  inserted  in  series  in  the  circuit,  as  current 
transformers.  A  short  spark-gap,  with  a  tell-tale  paper,  con- 
nected across  the  current  transformer  at  the  terminal  stations 
and  middle  stations  of  the  high-voltage  system  would  give  an 
indication  of  the  direction  in  which  the  disturbance  passed,  and 
how  far  it  extended.  Furthermore  it  would  be  important  if 
one  could  get  an  indication  not  only  of  the  voltage,  but  also 
of  the  frequency  of  these  disturbances,  and  of  the  volume  of 
the  high  frequency  oscillation  of  these  transient  phenomena. 
I  believe  that  this  can  be  done  by  combining  a  condenser  with 
the  spark-gap.  If  across  the  circuit  a  Leyden  jar  is  connected 
in  series  with  an  air  inductance,  and  the  spark-gap  is  shunted 
across  the  inductance,  such  a  system  takes  a  current  and  pro- 
duces a  voltage  across  the  spark-gap  depending  on  the  frequency 
and  voltage.  As  the  plain  spark-gap  gives  us  the  voltage,  the 
combination  of  the  condenser  gap  and  ordinary  gap  would  give 
an  indication  of  the  frequency;  and  as  the  volume  of  the  dis- 
charge through  such  a  condenser  circuit  depends  on  frequency 
and  voltage,  a  fuse  in  series  with  the  condenser  circuit  would 
give  an  indication  of  the  volume  of  the  high  frequency  oscillation. 

I  do  not  think  that  the  burning  off  of  the  needle  points  in 
the  ordinary  spark-gap  is  a  satisfactory  indication  of  the  volume 
of  the  oscillation,  because  the  current  following  the  discharge 
is  also  the  normal  machine  current.  The  result  depends  to  a 
considerable  extent  on  the  point  of  the  generator  wave,  but  a 
spark-gap  and  a  condenser  in  series  would  exclude  the  machine 
current.  The  practical  importance  of  the  investigation  of  fre- 
quency is  that  perhaps  the  destructive  effect  of  such  a  high 
voltage  depends  very  largely  on  the  frequency  In  such  a  cable 
system  the  high  voltages  may  be  fairly  moderate  m  their  fre- 
quency, perhaps  not  more  than  a  few  thousand  cycles  at  the 
highest,  or  they  may  be  of  extremely  high  frequency,  many 
hundred  thousands  of  cycles.  In  the  latter  case  thay  would  be 
local,  and  even  at  considerably  more  than  double  voltage  they 
would  be  practically  harmless;  with  low  frequency  they  may 
extend  over  a  very  considerable  part  of  the  system  and  be 
most  destructive. 

The  greatest  assistance  in  stud3ring  what  may  occur  in  the 
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Circuit  is  afforded  by  the  oscillograph.  This  instrument  bears 
the  same  relation  to  the  electric  circuit  that  the  indicator  does 
to  steam  engine  practice.  The  oscillograph  should  enable  the 
electrical  engineer  to  determine  all  that  takes  place  in  the  elec- 
tric circuit;  he  should  be  able  by  means  of  it  to  recognize  a 
danger  signal,  and  know  when  the  disturbance  is  harmless. 
That  is,  he  must  become  familiar  with  the  meaning  of  the  dif- 
ferent wave  shapes. 

In  the  oscillograms  of  the  current  there  are  quite  a  number 
of  shapes.  For  instance,  in  Fig.  7  there  is  the  characteristic  effect 
of  the  hysteresis  cycle  of  the  transformer.  In  Fig.  5  there  is 
shown  the  effect  of  the  line  intensifying  higher  harmonics.  In 
this  particular  case  it  is  the  fifth  harmonic.  It  is  gratifying 
to  see  in  all  these  oscillograms  that  there  is  nothing  to  indicate 
any  dangerous  condition  in  the  circuit  except  the  voltages  at 


Fig.  1 — Theoretical  Arc  Characteristics 


7  and  8  in  the  two  curves  in  Fig.  G.     They  look  suspicious,  and 
should  be  further  investigated. 

One  of  the  most  destructive  things  in  a  cable  system  is  an 
arc,  and  it  is  important  for  the  engineer  who  is  using  the  oscillo- 
graph to  be  able  to  notice  the  first  sign  of  an  arc  characteristic. 
This  characteristic  is  in  most  cases  very  definite,  it  is  a  double 
peak  of  voltage,  a  characteristic  double  peak.  Occasionally 
there  are  double  peaks  in  generator  waves,  especially  in  three- 
phase  machines  between  the  neutral  and  the  line.  In  that  case 
there  is  no  danger,  but  when  a  curve  like  that  in  Fig.  1  is  shown, 
then  there  is  something  in  the  system  in  the  form  of  an  arc,  which 
is  likely  to  produce  destructive  voltages.  The  characteristic  is 
a  rapid  rise  and  rapid  dropping  off,  to  two  sharp  peaks  separated 
by  a  wide  valley.  The  first  peak  is  frequently  far  higher  and 
the  second  one  may  almost  disappear,  as  in  Fig.  2.  Even  the 
magnitude  of  the  danger  of  producing  destructive  voltages  by 
the  arc  can  be  recognized  from  the  curve,  by  the  pointedness  of 
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I  lie  peaks,  and  occasionally  in  the  extreme  case  one  sees  the  first 
peak  resolved  into  a  local  oscillation,  and  the  valley  then  more 
flattened  out,  as  in  Fig.  3. 

I  hope  that  the  authors  will  extend  the  scope  of  their  inves- 


FiG.  2 — Arc  Characteristics  derived  from  Oscillograms 

tigation  and  give  the  frequency  and  the  volume  of  the  dis- 
charges. 1  think  that  at  some  future  time  the  oscillograph  will 
be  a  general  adjunct  in  all  systems.  The  oscillograph  will  be 
at  hand  so  that  it  can  be  immediately  utilized  when  anything 


Fig.  3 — Arc  Characteristics  derived  from  Oscillograms 


goes  wrong — a  generator  runs  away,  a  machine  bums  up,  or  a 
short-circuit  occurs.  If  these  records  could  be  taken  at  the 
time  they  would  be  extremely  important  in  helping  us  to  avoid 
these  disturbances. 
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E.  O.  Schweitzer:  In  answer  to  Mr.  Fisher's  query  regarding 
the  meaning  of  **  double- working  voltage:  "  this  means  double 
the  normal  voltage  between  phases,  and  between  phases  and 
ground;  that  is,  if  the  normal  operating  voltage  is  19,100  volts 
between  phases  and  11,000  volts  between  phases  and  ground,  the 
test  voltage  is  38,200  volts  between  phases  and  22,000  volts 
between  phases  and  ground. 

With  reference  to  Mr.  Fisher's  suggestion  that  two  and  a  half 
times  the  normal  operating  voltage  b§  used  in  making  potential 
tests  on  new  lines  on  account  of  the  fact  that  our  spark-gaps 
showed  potentials  of  25,000  volts  for  a  line  operating  normally 
at  19,100  volts  between  phases  and  11,000  volts  between  phases 
and  ground.  We  do  not  consider  this  advisable,  as  this  double 
voltage  test  is  applied  for  a  period  of  one  minute,  whereas  the 
surge  potential  lasts  for  but  a  small  fraction  of  a  second.  The 
strain  on  the  insulation  being  a  function  of  both  the  voltage 
and  time,  we,  therefore,  consider  this  double  voltage  test  suffi- 
cient for  the  purpose. 

With  reference  to  our  statement  of  11,000  volts,  mentioned 
several  times  at  the  bottom  of  Fig.  4.  This  statement  is  cor- 
rect, as  it  is  the  star  potential  of  the  line  that  operates  at  a 
delta  potential  of  19,100  volts,  which  latter  voltage  is  referred 
to  as  coming  under  the  class  of  20,000-volt  lines. 

Regarding  the  footnote  stating  that  when  the  generators  at 
Pisk  Street  were  grounded  through  a  2.6  ohms  resistance,  a 
voltage  rise  of  30  per  cent  more  was  obtained,  than  when  there 
was  one  machine  on  the  system  grounded  without  appreciable 
resistance.  This  may  be  explained  by  the  fact  that  the  voltage 
to  ground  of  each  phase  becomes  unsymmetrical,  due  to  the  drop 
in  potential  with  large  currents  through  the  resistance.  The 
neutral  of  the  generator  including  the  resistance  is,  therefore, 
displaced  from  the  true  neutral  position. 

Peter  Junkersfeld:  I  have  seen  Mr.  Merz's  **solid"  system 
and  the  conditions  under  which  it  operates,  and  I  believe  that 
under  those  conditions  many  of  us  would  do  what  he  has  done. 
For  the  large  cities,  however,  Mr.  Merz  himself  admits  that  the 
drawing-in  system  is  often  a  necessity.  Under  most  conditions 
in  this  country,  however,  I  must  disagree  with  Mr.  Merz. 

As  to  Mr.  Fisher's  comment,  I  will  answer  that  the  insulation 
of  the  20,000-volt  00  cable  is  ^^  in.  wall  over  each  conductor, 
and  A  in.  wall  over  the  three  and  is  of  paper.  The  cable  is 
installed  mainly  in  3.5  in.  duct,  with  square  holes,  although 
some  two  or  three  miles  is  installed  in  a  duct  that  has  3-in. 
circular  openings.  The  cable  is  a  trifle  large  for  a  3-in.  duct, 
and  is  intended  for  a  3.5  in.  square  duct. 

I  agree  with  Mr.  Fisher  that  workmanship  is  very  essential 
on  the  joints,  but  there  must  be  not  only  good  workmanship, 
but  also  good  compound,  and  good  methods  to  insure  good 
results. 

Our  experience  with  paraffin  has  not  been  satisfactory.     In 
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making  joints  it  is,  of  course,  absolutely  necessary  to  exclude 
air,  and  as  is  stated  in  the  paper,  the  joints  are  filled  with  a 
high-grade  compound,  and  this  compound,  very  hot,  is  poured 
slowly  so  that  the  probability  of  any  air  or  voids  is  reduced  to 
a  minimum. 

Mr.  Stott  and  others  have  mentioned  the  increasing  danger 
when  the  generating  capacity  becomes  so  great.  In  our  system 
the  rated  capacity  of  the  three  stations  connected  to  the  system 
is  100,000  kw.  for  the  Fisk  Street  station  at  this  time,  28,000 
kw.  for  the  Quarry  Street  Station,  and  18,000  kw.  for  the  Harrison 
Street  station,  making  a  total  of  146,000  kw.  We  operate  the 
system  in  two  sections,  but  even  with  this  precaution  the  pos- 
sible amount  of  power  that  can  be  delivered  instantaneously 
from  either  of  the  two  sections  is  very  large  indeed  because  of 
the  instantaneous  short-circuit  current  of  the  turbine-driven 
alternators. 

Mr.  Clark  made  some  reference  to  the  breaking  down  of  the 
cable  to  ground.  That  has  been  our  experience  for  several 
yoars.  If  the  cable  must  break  down  at  all,  we  would  rather 
have  it  break  down  to  ground  first.  The  neutral  is  grounded, 
and  we  use  three  single-pole  relays.  The  usual  experience  is, 
if  one  of  the  conductors  goes  to  ground,  that  at  least  one  of  the 
other  two  conductors  remains  continuous  and  a  test  can  then 
be  made  quickly  and  the  fault  located  in  a  short  time. 

Regarding  the  comparison  between  the  insulation  of  the 
9000  and  the  20,000-volt  cables.  That  is  largely  a  matter  of 
local  conditions.  The  20,000-volt  cable  has  not  as  large  a 
factor  of  safety  but  it  does  not  need  it.  The  9000- volt  cable 
does,  as  it  supplies  a  district  in  the  central  ^art  of  the  city. 

Regarding  Mr.  Floy's  statement  of  higher  voltage  cables,  I  c^o 
not  want  to  dispute  the  figures  he  has  given,  but  cables  for  35,000 
or  50,000  volts  will  require  special  duct  or  other  construction. 
I  think  that  it  will  probably  be  some  time  yet  before  we  see 
any  very  extensive  35,000  or  50,000-volt  underground  systems. 
It  is  difficult  to  justify  them  commercially,  even  if  they  could 
be  installed  and  possibly  operated  with  reasonable  success. 

Ralph  D.  Mersbon  (by  letter):  The  authors  suggest  that,  as 
transmission  voltages  increase  there  may  be  instances  where  it 
will  be  advantageous  to  build  transmission  lines  after  the  man- 
ner of  protected  bus-bar  construction.  This  suggestion  is 
rather  an  interesting  one.  It  is  especially  interesting  to  me, 
because  about  two  years  ago  I  made  some  estimates  on  the  cost 
of  building  a  transmission  somewhat  along  the  lines  I  under- 
stand the  paper  to  suggest.  It  oacurred  to  me  that  if  we  should 
build  a  transmission  line  with  comparatively  short  spans  and 
with  supporting  structures  just  high  enough  so  that  there 
would  be  no  chance  of  an  arc  between  the  lowest  point  of  the 
line  cable  and  ground,  and  then  build  along  and  over  the  whole 
line  a  casing  or  continuous  house  of  wire  netting,  the  cost  might 
not  be  prohibitive,  and  a  number  of  advantages  would  result, 
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amongst  them  being  immunity  from  lightning  troubles  and  ease 
of  repair.  An  estimate  was  made  with  reference  to  a  rough 
design  I  prepared  in  which  the  line  cables  were  to  be  about  6  ft. 
from  the  ground  at  their  lowest  point;  the  heiglit  of  supporting 
structure  and  length  of  span  being  such  as  would,  for  this 
clearance,  result  in  the  greatest  economy.  The  idea  of  the  wire 
netting  resolved  itself  into  a  high  fence  of  this  material,  on 
each  side  of  the  line,  and  for  the  wire  netting  roof  were  sub- 
stituted a  number  of  grounded  cables,  supported  upon  the  line 
structures  parallel  to  the  line  wires  and  over  them.  These 
grounded  cables  were  to  serve  the  double  purpose  of  protection 
against  lightning  and  protection  against  baling  wire  and  similar 
troubles.  The  cost  of  this  design  was  compared  with  that  of  a 
tower  line  of  the  same  capacity  and,  while  the  former  was  some- 
what the  greater,  the  diflerence  in  cost  was  not  such  as  would 
be  prohibitive  where  large  amounts  of  power  are  to  be  trans- 
mitted. 

If  such  a  construction  were  used,  it  would  be  necessary  at 
load  crossings,  either  to  go  overhead  on  high  structures  or 
underneath  through  tunnels.  The  former  could  be  carried  out 
without  great  difficulty,  maintaining  practically  the  same  con- 
struction on  the  higher  supports  as  that  used  near  the  ground; 
or  the  latter  could  be  adopted  where  the  contour  of  the  ground 
rendered  it  possible  to  take  care  of  the  matter  of  drainage. 

I  should  not  be  surprised  if,  in  time,  some  such  construction 
as  that  suggested  were  resorted  to  for  transmission  lines  carrying 
very  high  voltages,  especially  as  it  seems  to  me  not  unlikely 
that  as  voltages  go  higher,  the  insulator  will  develop  to  a  form 
and  a  size  comparable  with  that  of  a  transmission  line  pole. 
With  the  construction  sugfjcstcd,  then,  the  three-line  conductors 
will  be  best  carried  upon  three  separate  lines  of  poles,  each  pole 
being,  for  the  major  portion  of  its  length,  an  insulator. 

Of  course,  instead  of  the  grounded  cables  and  the  wire  fences, 
we  might  substitute  sides  and  a  roof  of  corrugated  iron  which 
would  not  only  afford  the  protection  previously  mentioned, 
but  also  protection  against  the  weather,  rendering  the  insulation 
problem  less  expensive.  In  such  case,  however,  the  damage 
resulting  from  an  arc  to  ground  or  between  the  line  cables  would 
probably  be  more  serious  than  in  the  construction  above  proposed. 

H.  W.  Peck  (by  letter) :  About  one  and  a  half  years  ago  sus- 
picion was  aroused  that  there  were  high-tension  surges  on  a 
13,200-volt  underground  transmission  system  in  Baltimore,  and 
oscillograms  were  taken  under  various  conditions  to  determine 
the  actual  presence  and  causes  of  the  surges.  The  system,  at 
that  time,  comprised  four  2000- kw.,  13,200-volt  star- wound 
generators  commonly  run  with  the  neutral  of  one  machine 
grounded  through  an  iron-grid  resistance;  about  24  miles  of 
0000  three-conductor,  paper  insulated,  lead-covered  cables;  four 
13,000- volt,  synchronous  motors  driving  60-cycle  generators, 
and  a  number  of  step-down  transformers,  supplying  synchronous 
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converters.  The  oscillograms  were  taken  at  one  sub-station 
located  about  4  miles  from  the  generating  station.  No  rise  of 
potential  was  discovered  at  the  time  of  synchronizing  an  addi- 
tional generator  at  the  power  house  or  a  1000-kw.  synchronous 
motor  at  the  sub-station,  nor  at  the  time  of  taking  off  either  of 
these  machines.  The  only  condition  observed  which  did  give 
a  rise  in  potential  was  the  connecting  of  the  dead  line  to  the 
system  or  to  a  single  generator  with  which  we  were  testing. 
W^ith  the  neutral  of  the  test  generator  not  grounded  we  obtained 
a  rise  in  potential  of  180  per  cent  of  the  normal.  With  the  neutral 
of  the  generator  grounded  through  heavy  copper  wire  we  ob- 
tained rises  of  potential  of  150  per  cent,  300  per  cent,  and  400 
per  cent  of  normal. 

Further  investigations  were  made  with  the  oscillograph  of  the 
overhead  distribution  and  in  so  doing  one  observation  resulted 
which  is  perhaps  of  value  in  connection  with  such  investigations. 
While  adjusting  for  a  certain  test  and  observing  the  form  of 
curve  by  looking  at  the  image  on  the  ground  glass  and  shaking 
the  head  at  right  angles  to  the  motion  of  the  light  there  was 
observed  a  very  irregular  wave  form.  Investigation  disclosed 
no  apparent  cause  for  this  irregularity  and  repeated  attempts 
were  made  to  duplicate  the  same  with  the  film,  resulting  finadly 
in  getting  something  very  similar  to  that  which  had  been  observed. 
This  suggested  the  value  of  throwing  a  reflection  of  the  oscillo- 
gram by  means  of  a  vibrating  mirror  upon  a  screen  and  ob- 
serving the  reflection  for  a  long  period  of  time,  noting  whether 
irregularities  did  exist  and  if  so  endeavoring  to  ascertain  any 
peculiar  conditions  obtaining  at  that  time. 

Discussion    on     "  High-Potential     Underground     Trans- 
mission." Boston  Section,  November  18   1908 

A.  E.  Kennelly:  This  whole  subject  is  one  of  great  im- 
portance, because  cities  are  growing  and  more  wires  have  to  be 
installed,  while  wires  already  in  existence  have  to  be  put  under* 
ground.  The  underground  construction  involves  great  expense, 
and  the  questions  of  the  construction,  preservation,  and  opera- 
tion of  these  cables  are  of  immense  importance  from  every 
standpoint.     The  subject  is  full  of  interest. 

N.  J.  Neall:  I  should  like  to  ask  Mr.  Elden  what  proportion 
of  the  total  disturbances  to  the  Boston  Edison  distribution  sys- 
tem from  all  causes  is  created  by  cable  failures  and  what  is  their 
nature. 

L.  L.  Elden:  Our  records  go  back  for  only  two  years.  The 
failures  in  the  transmission  system  are  the  smallest  item  in  the 
way  of  disturbances  that  we  have.  Our  overhead  systems  give 
us  considerably  more  trouble  than  our  cable  systems,  and  I 
may  say  that  such  cable  troubles  in  the  transmission  systems  as 
have  happened  during  the  years  1907  and  1908  have  almost 
entirely  resulted  from  cable  newly  installed.  In  six  of  the  cases 
the  cable  was  clearly  defective  and  was  replaced  by  the  manu- 
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facturer.  In  the  remaining  two  cases  recorded  the  troubles 
were  due  to  mechanical  injuries  to  the  cable,  for  which  the 
manufacturers  could  not  be  held  responsible. 

One  of  the  most  serious  features  resulting  from  cable  break- 
downs is  the  interruption  of  a  considerable  capacity,  which  at 
times  of  maximum  load  is  usually  supplied  over  each  individual 
cable. 

The  normal  maximum  operating  capacity  of  the  standard 
0000  three-conductor  cable  at  6600  volts  for  peak-load  purposes 
is  2500  kw.  In  order  to  prevent  the  interruption  of  this  capacity 
from  interfering  with  the  service,  it  is  customary  to  install  two 
or  more  transmission  lines  to  each  sub-station,  these  lines 
being  operated  at  all  times  individually  at  the  sub-station  ends, 
each  carrying  a  part  of  the  station  load.  Under  these  con- 
ditions the  duplicate  line  is  always  ready  for  use,  and  in  case  of 
trouble  the  operator  may  quickly  transfer  to  the  spare  line 
without  any  appreciable  disturbance  to  the  system  in  the  direct- 
current  districts  and  only  a  momentary  disturbance  in  the 
alternating-current  districts. 

One  very  serious  factor  has  to  be  dealt  with  by  all  companies 
operating  cable  systems  in  cities  where  the  return  currents  of 
railway  systems  are  present.  This  is  true  with  us,  although 
a  very  careful  watch  is  kept  on  all  districts  so  affected. 

M.  V.  Ayres:  The  company  with  which  I  am  associated  has 
about  2.25  miles  of  three-phase,  lead-covered  cable  in  three 
sections  hung  up  on  poles  like  telephone  cable.  This  is  a  25- 
cycle,  three-phase,  13,200-volt  transmission.  The  cable  is 
paper-insulated  and  lead-covered.  One  of  these  lengths  of  cable 
has  been  up  since  the  spring  of  1903.  The  others  were  put  up  not 
long  afterward.  We  have  very  little  trouble  with  them.  Most 
of  the  troubles  have  been  due  to  the  fact  that  they  have  been 
hung  on  poles  and  run  through  trees,  and  are  therefore  subject 
to  various  kinds  of  accidental  injury.  We  have  had  hardly 
any  trouble  that  could  be  laid  to  the  cable,  the  splices,  the  end- 
bells,  or  anything  of  that  kind.  We  had  one  breakdown  in  a 
splice  during  a  lightning  storm  which  I  think  was  due  to  poor 
workmanship.  The  latest  trouble  with  that  cable  is  typical 
of  the  kind  of  trouble  we  have.  A  trolley  wire  broke  and 
pulled  over  in  such  a  way  that  it  charged  the  iron  bracket 
supporting  the  trolley  wire,  and  the  current  leaked  to  the  cable 
sheath.  Of  course  the  cable  sheath  was  grounded.  Enough 
current  passed  not  only  to  bum  a  piece  out  of  the  lead  cover, 
but  to  set  fire  to  the  pole.  The  fire  continued  for  fully  15  min. 
before  the  cable  broke  down.  I  arrived  while  this  burning 
was  going  on,  but  could  do  nothing  to  stop  it.  I  called  up  the 
power  house  ;  they  had  not  noticed  any  trouble  then,  but  did 
shortly  afterward. 

This  brings  to  mind  the  fact  that  I  have  been  amazed  by  the 
number  of  minor  injuries  that  can  happen  to  that  cable  without 
resulting  in  transmission  trouble.     We  have  had  holes  burned 
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in  that  cable  many  times  without  any  serious  results.  Our 
practice  has  been,  when  we  have  found  a  hole  to  make  a  tem- 
porary patch  on  it,  with  tape,  and  then  at  the  earliest  opportunity 
make  a  wipe  of  lead  over  it.  After  that  there  is  no  further 
trouble.  Some  of  these  holes  have  existed  a  long  time  without 
resulting  in  any  transmission  line  trouble.  I  have  faith  in  the 
excellence  of  paper-insulated  cable  in  all  ordinary  transmission 
work,  although  I  have  had  no  experience  with  underground 
work  of  that  kind. 

G.  W.  Palmer,  Jr.:  The  Old  Colony  Street  Railway  Com- 
pany has  had  some  very  gratifying  experiences  in  connection 
with  the  maintenance  of  high-tension  transmission  cables  under- 
ground. They  have  had  operating  in  a  quiet  way  for  the  last 
5  years  some  15  or  16  miles  of  18,200-volt  cables  through  which 
is  transmitted  almost  all  the  current  necessary  to  feed  the 
entire  Old  Colony  system.  This  system  covers  the  greater  part 
of  eastern  Massachusetts  except  Boston,  and  in  some  cases  the 
energy  is  transmitted  50  or  60  miles  from  the  main  station. 
Since  the  cable  was  installed  there  has  not  been  a  single  instance 
of  disturbance  of  operation  from  any  trouble.  In  fact  the  cable 
part  of  the  system  has  shown  itself  to  be  the  most  reliable  of 
any,  more  reliable  than  the  overhead  line  of  the  sub-station  or 
the  main  station  equipment.  About  a  year  after  a  certain  sec- 
tion was  put  in  a  joint  blew  out.  It  did  so  without  making  any 
disturbance  which  could  be  noted  at  the  main  station  or  sub- 
stations, and  the  occurrence  was  not  known  until  the  manhole 
was  visited  ;  although  the  conductor  was  bared,  the  cable 
was  still  operating  at  13,200  volts.  I  think  the  cause  of  our 
good  fortune  with  the  cable  installation  has  been  the  extremely 
high  class  of  insulation  used  and  the  care  with  which  the  cable  was 
put  in.  The  cable  was  built  to  stand  a  factory  test  of  40,000 
volts  after  installation,  although  that  test  never  was  applied  to 
it. 

N.  J.  Neall:  In  the  work  that  I  have  been  called  upon  to  do 
at  various  times  cable  design  and  operation  come  into  very 
close  connection  with  lightning  protection  apparatus.  I  re- 
member a  case  which  came  up  some  time  ago  on  a 
newly  installed  line  consisting  of  approximately  1.5  miles 
of  25,000- volt  cable.  It  was  necessary  to  go  through  a 
city  underground.  It  had  not  been  in  operation  very  long 
before  the  lightning  season  began,  and  in  this  particular  locality 
lightning  was  rather  frequent  and  severe.^  The  cable  began  to 
break  down  periodically  almost  in  synchronism  with  the  lightning 
storms.  The  manager,  who  was  very  anxious  about  the  con- 
tinuity of  his  service,  called  upon  the  cable  manufacturer  im- 
mediately to  explain  why  he  had  those  troubles.  The  cable 
manufacturer  claimed  it  was  the  fault  of  the  lightning-arresters; 
while  the  arrester  man  wanted  to  say  that  the  cable  man  was 
at  fault,  he  only  said  there  was  a  reasonable  doubt.  As  a  result 
the  operator  was  asked  to  provide  a  full  system  of  inspection  of 
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the  lightning  protection  by  means  of  tell-tale  papers  and  by 
special  spark-gaps  placed  at  various  parts  of  the  cable  system. 

I  am  sorry  I  do  not  know  the  result  of  these  observations.  I  do 
know,  however,  that  the  system  was  much  improved,  but  I 
have  half  a  suspicion  that  it  was  largely  for  the  reason  brought 
out  to-night — ^that  the  cable  became  seasoned,  and  that  all 
these  joints  were  finally  brought  up  to  concert  pitch.  I  doubt 
very  much  whether  static  troubles  were  to  blame,  save  in  the 
first  case.  I  mention  this  incident  merely  to  show  that  it  is 
desirable  to  have  some  definite  information  on  these  points, 
and  that  it  is  absolutely  impossible  to  refute  the  statements  of 
the  cable  manufacturers  when  defending  something  weak  in 
connection  with  the  cable  joints,  unless  there  is  so  aggravated 
a  case  of  bad  workmanship  that  the  trouble  can  be  found  right 
there.  I  do  not  want  it  understood  that  I  think  lightning  pro- 
tective apparatus  is  perfected;  there  is  much  yet  to  be  hoped  for. 

It  has  been  the  practice  that  all  cable  shall  be  tested  at  certain 
over-potential;  I  make  it  a  point  to  protest  against  this  re- 
quirement, because  I  do  not  think  it  is  instrumental  in  bringing 
out  entirely  the  quality  of  the  cable.  My  experience  has  been 
that  a  breakdown  usually  occurs  after  a  ground,  or  more  often 
after  a  short-circuit  on  some  part  of  the  system,  perhaps  •  xtemal 
to  the  cable  system,  particularly  if  it  be  connected  to  an  over- 
head transmission  system.  I  think,  therefore,  that  any  such 
overcharge  test  on  the  cable  itself  is  likely  to  impair  it  need- 
lessly; that  it  does  not  indicate  its  ability  to  combat  the  sudden 
strains  just  mentioned. 

The  chances  are  that  with  the  present  state  of  manufacture, 
the  quality  and  dielectric  strength  of  the  cable  can  be  reasonably 
determined  without  subjecting  it  to  this  high  strain.  A  very 
good  test  of  the  strength  of  the  disturbance  might  possibly  be 
obtained  by  an  equivalent  spark-gap  measurement.  A  standard 
length  could  be  subjected  to  static  discharges,  and  the  opening  of 
a  gap  in  shunt  to  the  cable  that  would  just  take  these  discharges 
could  be  noted.  This  would  give  some  measure  of  ability 
to  absorb  or  to  pass  those  operating  disturbances  which  have  all 
the  characteristics  of  high  frequency  in  their  initial  effect.  I 
have  never  made  any  experiments  on  cables  under  these  con- 
ditions, but  it  appears  to  me  that  the  method  could  be  adopted 
to  give  some  guide  to  the  behavior  of  the  cable  under  those  cir- 
cumstances where  there  are  **  rushes  "  and  not  steady  rises  of 
potential  to  deal  with. 

0  Dugald  C.  Jackson:  It  is  the  ambition  of  the  Commonwealth 
company,  as  I  understand  it,  to  put  itself  in  a  position  so  that 
there  will  be  no  extensive  generation  of  primary  power  in 
Chicago  except  that  carried  on  in  its  own  stations.  The  realiza- 
tion of  such  an  ambition  would  be  of  real  advantage  to  the 
city  and  its  people,  and  has  been  so  recognized  by  the  city  council. 
The  Chicago  city  council  has  therefore  taken  the  ground  that 
small  franchises  for  the  electrical  generation  and  distribution  of 
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power  shall  not  be  hereafter  granted,  and  that  such  existing 
franchises  should  be  extinguished  as  far  as  possible.  The  idea 
seems  to  be  that  every  small  station  is  a  disadvantage  to  the 
city  because  it  fouls  the  atmosphere,  and  it  serves  part  of  the  best 
and  most  profitable  territory  at  competitive  rates  and  thus  forces 
the  larger  company  into  a  position  where  it  cannot  reduce  its 
rates  to  a  satisfactory  low  average  for  the  entire  territory  of 
the  city.  Many  small  electric  plants  usually  exist  in  the  large 
cities,  plants  fumishingenergy  to  one  or  two  large  office  buildings 
and  the  like.  The  people  operating  such  plants  become  ambitious 
and  perhaps  endeavor  to  obtain  a  franchise  to  cross  the  street. 
That  means  supplying  another  block.  Ultimately  that  may  de- 
velop into  a  four-block  plant.  Franchises  of  this  kind  are  being 
refused  in  Chicago  for  the  reasons  already  stated.  The  Common- 
wealth company  has  been  required,  however,  to  put  its  rates  at 
figures  which  are  thought  to  be  reasonable,  accompanied  by  a 
sliding  scale  of  reduction  for  a  certain  period  of  years. 

The  Commonwealth  company  has  already  gone  so  far  in  its  am- 
bition to  become  the  great  primary  power  purveyor  for  all  uses  in 
the  city,  I  understand,  as  to  make  a  bid  for  the  generation  of  power 
for  drawing  all  the  trunk-line  railroad  trains  into  and  out  of  the 
city  of  Chicago  which  the  railroad  managers  arrange  to  handle 
by  electric  power.  This  is  quite  a  large  project.  Whether  the 
Commonwealth  company  will  succeed  in  persuading  the  great 
railroad  interests  that  it  is  to  their  advantage  to  buy  power 
is  yet  to  be  seen,  as  none  of  the  large  railroads  has  yet  under- 
taken to  draw  trains  into  Chicago  by  electric  power.  That  the 
the  intention  of  the  Commonwealth  company  is  likely  to 
succeed  is  indicated  by  the  fact  that  the  company  is  already 
supplying  much  power  to  electric  street  and  elevated  railways 
in  Chicago. 

The  great  stations  that  are  to-day  operating  in  Chicago,  Boston, 
and  other  cities,  were  virtually  out  of  the  question  under  the  old 
basis  of  reciprocating-engine  generation,  but  the  ease  of  opera- 
tion is  apparently  as  great  with  a  50,000-kw.  steam-turbine  sta- 
tion as  it  was  with  a  reciprocating-engine  station  of  not  ex- 
ceeding 12,000  or  15,000  kw.  capacity.  A  few  years  ago  it  was 
thought  that  5,000  kw.  was  near  the  limit  of  construction  for  a 
generating  unit.  Now  5000-kw.  turbines  are  commonplace.  If 
something  very  much  larger  than  we  have  now  in  the  way  of 
generating  units  and  generating  stations  does  not  materialize, 
the  ambitions  of  the  Chicago  company  will  result  in  half  a 
dozen  stations;  with  30,000-kw.  units,  however,  perhaps  the 
Chicago  company  could  do  the  work  they  attempt  to  do  with  two 
or  three  stations. 

A  second  factor  which  is  brought  out  in  this  paper  is  the  lack 
of  analytical  knowledge  in  regard  to  dielectrics  and  insulations. 
Although  we  may  know  the  dimensions  and  kinds  of  the  materials 
of  which  a  cable  is  manufactured,  we  cannot  compute  with  cer- 
tainty its  electrostatic  capacity.     The  computations  made  arc 


Digitized  by  VjOOQIC 


i908]  DtSCOSSION  AT  BOSTON  1667 

largely  by  nile-o£-thumb.  In  other  words,  the  science  of  cable 
construction  lags  behind  the  science  of  generator  construction. 
By  generator  construction  I  mean  the  entire  system  beginning 
with  the  device  that  consumes  the  coal  and  ending  with  the 
device  that  delivers  the  electric  power  to  the  transmission  lines. 

Insulation  is  to-day  truly  one  of  the  great  problems  of  the 
electrical  arts.  We  need  an  answer  to  the  question:  what  causes 
dielectric  properties,  and  why  are  some  materials  insulators  and 
others  conductors?  Not  until  we  begin  to  approach  the  answers 
are  we  likely  to  have  that  analytical  knowledge  of  the  electric 
transmission  of  power  which  is  needed  to  make  electric  power  of 
universal  service. 

The  oscillograph  has  clearly  been  serviceable  in  the  Common- 
wealth power  house.  I  have  thought  for  some  years  that  the 
oscillograph  might  be  of  pretty  nearly  as  much  value  to  the 
transmission  man  as  is  the  wattmeter.  It  has  not  been  many 
years  since  the  power  transmission  man  thought  that  a  watt- 
meter was  a  supernumerary.  He  went  by  ammeter  or  voltmeter, 
but  he  finally  found  it  necessary  to  follow  the  dictates  of  analysis 
and  take  to  the  wattmeter  and  its  indications.  He  now  looks 
upon  the  oscillograph  as  a  supemtunerary,  but  the  oscillograph  in 
certain  forms  is  coming  to  be  an  instrument  of  commerce  as 
well  as  of  research. 

L.  L.  Elden:  I  would  like  to  refer  for  a  moment  to  Professor 
Jackson's  remarks  on  the  Commonwealth  system  of  Chicago. 
Those  who  are  not  operating  these  large  cable  systems,  I  think 
have  no  realisation  of  what  happens  at  the  generating  station 
when  a  defective  cable  develops  in  a  location  in  close  proximity 
to  the  station.  Upon  the  occasion  of  a  recent  bum-out  of  a 
turbine  in  one  of  the  Chicago  stations  when  operating  with  a 
very  large  generating  capacity,  the  cables  forming  the  gener*.tor 
leads  between  the  generator  and  the  switchboard  were  not  only 
punctured,  but  were  so  seriously  affected  mechanically  that  the 
conduit  containing  the  cables  was  also  badly  damaged.  From 
this,  one  may  judge  what  problems  are  to  be  met  in  cable  con- 
struction in  the  future  if  the  large  stations  continue  their  present 
rapid  rate  of  growth;  the  result  will  probably  be  the  division  of 
the  generating  stations  into  sections  in  order  to  reduce  the  ca- 
pacity concentrated  on  one  bus-bar.  This  is  being  done  in 
Chicago  at  the  present  time. 

The  New  York  Edison  Company  operates  the  largest  generating 
capacity  in  the  world  on  a  single  bus-bar,  the  peak  load  last  year 
being  in  excess  of  120.000  kw.  The  concentration  of  this  ca- 
pacity in  a  short-circuit  within  or  adjacent  to  the  station  pro- 
duces conditions  very  difficult  to  control;  it  is  probable,  there- 
fore, that  in  future  means  will  have  to  be  provided  to  limit  the 
amount  of  current  that  can  be  concentrated  in  a  fault. 

This  company  has  in  service  a  device  invented  by  one  of  their  en- 
gineers which  has  been  described  in  one  of  the  papers  presented  to 
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the  Institute.  This  device  perfonns  the  duty  of  detect- 
ing breakdowns  or  defects  in  individual  cables  a  sufficient 
time  in  advance  of  an  actual  short-circuit  to  permit  the  dis- 
connecting of  the  defective  cable  from  the  system  before  serious 
trouble  occurs.  The  actual  record  of  the  use  of  this  device  on 
their  lines  indicates  a  successful  application  to  practice,  as  in 
answer  to  recent  inquiries  it  was  stated  by  the  engineers  that 
with  the  exception  of  four  cases  to  date,  the  indication  of  trouble 
on  cables  had  been  given  sufficiently  in  advance  to  permit  of 
the  disconnecting  of  the  defective  cable  before  it  actually  broke 
down.  It  would  seem  then  that  further  perfected  apparatus 
would  prove  of  great  value  to  all  companies  operating  large 
cable  systems. 

Professor  Jackson  referred  to  the  rapid  development  of  the 
systems  of  the  large  companies.  I  recall  that  10  years  ago 
this  month  the  Boston  Electric  Light  Company  built  their  sta- 
tion at  L  Street  and  planned  for  six  1500-kw.  generators.  At  the 
rate  of  development  in  progress  at  that  time  it  was  believed  that 
sufficient  capacity  was  being  provided  for  a  long  period  in  ad- 
vance, yet  within  3  years  it  was  necessary  to  add  two  more 
units  equivalent  to  50  per  cent  of  the  original  installation.  Con- 
trasting this  with  the  present  conditions,  it  is  interesting  to 
note  that  the  Boston  Edison  Company  is  now  regularly  in- 
stalling individual  units  each  of  a  greater  capacity  than  six  of 
the  original  1500  kw.  generators  above  referred  to. 

Referring. to  high-tension  cable  tests,  I  do  not  know  that  our 
experience  quite  agrees  with  that  of  the  Old  Colony  system. 
Our  experience  indicates  that  the  method  usually  employed  of 
connecting  the  cable  to  the  system  without  tests  almost  always 
results  in  some  disturbances  or  troubles  before  the  cable  gets 
down  to  a  working  basis;  and  while  the  experience  of  other  com- 
panies who  make  high-potential  tests  shows  that  they  practically 
clear  their  cables  of  these  troubles  before  they  are  actually  placed 
in  service  on  the  system,  there  is  a  considerable  difference  in  the 
practice  of  the  large  companies  in  making  high-potential  tests. 
Some  arrange  to  apply  30-min.  tests  at  double  working  pressure 
after  the  cable  has  been  installed,  while  other  companies  reduce 
both  the  time  of  application  and  the  limit  of  pressure  applied  in 
their  individual  practice.  It  is  generally  the  practice  to  omit 
tests  of  double  working  pressure  after  the  initial  test  of  the  cable 
at  installation,  all  further  tests  being  confined  to  pressures 
slightly  in  excess  of  the  regular  working  pressure  of  the  cable, 
such  tests  being  made  only  after  a  cable  has  been  repaired,  due 
to  the  development  of  poor  insulation  or  in  actual  breakdown. 

Several  different  types  of  apparatus  are  used  for  the  purpose 
of  making  these  tests,  two  of  the  most  common  being  a  motor- 
generator  or  a  static  transformer.  The  Chicago  company 
uses  a  motor-generator  arranged  for  operation  at  variable  voltage, 
their  practice  being  to  raise  the  voltage  on  a  cable  under  test 
very  gradually  until  they  have  reached  the  limit  which  their 
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experience  indicates  as  satisfactory.  After  applying  the  test 
for  such  time  as  they  deem  necessary,  the  cable  is  then  con- 
nected directly  to  the  main  system.  In  but  one  or  two  cases 
have  faults  developed  after  such  tests  have  been  made. 

The  New  York  Edison  Company  uses  static  transformers  for 
similar  purposes,  arranged  for  the  gradual  application  of  the 
test  voltage  to  the  cables  in  practically  the  same  way  as  that  done 
by  the  Chicago  Company  with  their  motor-generator  equip- 
ment. 

The  Boston  Edison  Company  is  at  present  contracting  for 
a  transformer  testing  set  to  accomplish  the  same  purposes, 
which  equipment  will  probably  be  installed  during  the  coming 
year.  The  company  is  advised  by  the  cable  manufacturers  that 
the  duplication  of  such  tests  as  above  described  will  be  perfectly 
satisfactory  from  their  standpoint,  except  that  there  are  some 
objections  to  the  application  of  the  double-potential  test  fo^ 
an3rthing  except  a  very  short  period  of  time,  after  the  initial 
test  of  30  min.  has  been  made  when  a  cable  is  first  installed. 

In  nine  cases  out  of  ten,  we  have  had  very  satisfactory  opera- 
tion with  our  relays.  We  are  using  the  bellows  type  relay, 
and  I  think  our  experience  has  been  similar  to  that  of  other 
companies  using  this  type  of  relay.  Our  experience  indicates 
that  frequent  adjustments  are  absolutely  necessary  in  order  to 
keep  the  relay  in  adjustment,  and  such  troubles  as  we  have  had 
where  selective  operation  has  been  required  have  been  found  to 
be  due  to  imperfect  adjustment  of  the  relays.  Aside  from  these 
troubles,  we  have  obtained  very  satisfactory  operation,  both  on 
individual  lines  and  on  lines  where  selective  operation  has  been 
necessary.  
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ELECTRICITY  IN  MINES 

BY  GEO.  R.  WOOD 

Before  describing  some  typical  coal-mining  plants,  with 
their  especial  features,  the  author  will  outline  the  ordinary 
mine  development  and  some  of  the  standard  electrical  mining 
equipment. 

Assuming  that  the  coal  vein  lies  almost  horizontally,  with  an 
average  dip  of,  say,  1.5  to  4  or  5  per  cent,  the  main  headings 
or  tunnels  are  driven  to  the  raise  where  possible,  so  that  grades 
will  favor  the  loads.  At  intervals  of  about  1200  ft.,  cross- 
headings  or  flats  are  driven  at  right  angles  to  the  mains,  and 
from  these,  parallel  to  the  mains,  are  driven  room-headings  or 
entries,  from  300  to  600  ft.  apart.  The  rooms  or  chambers 
from  which  most  of  the  coal  is  taken  are  turned  from  these 
entries,  and  are  started  in  about  the  same  width — 10  ft. — as 
the  entries.  When  in  about  20  ft.  they  are  widened  out  to 
full  width — from  20  to  30  ft.  These  rooms  are  driven  on  about 
40-ft.  centers,  leaving  a  pillar  of  coal  between  them  from  10  to 
20  ft.  thick,  to  support  the  roof. 

The  thickness  of  coal  in  the  Pittsburgh  seam  runs  from  5 
to  7  ft.,  in  the  Connellsville  basin  from  6  to  9  ft.,  and  in  central 
Pennsylvania  from  3  to  5  ft.  In  a  completely  equipped  electri- 
cal mine,  the  coal  is  undercut  by  electrical  machines,  hauled 
from  rooms  to  cross-headings  by  small  gathering  locomotives, 
and  from  cross-headings  to  main  tunnels  and  thence  to  the 
tipple  by  larger  locomotives.  Electric  pumps  of  various  sizes 
handle  the  water;  electric  motors  drive  the  fans  which  ventilate 
the  mines;  and  car-hauls,  crushers,  elevators,  and  the  like, 
where  used,  are  also  driven  by  motors. 

Electrical  mine  locomotives  and  machines  have  been  in  use  for 
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more  than  20  years.  Originally  very  crude  and  expensive  to 
operate,  they  are  now  highly  developed  and  satisfactory  pieces  of 
apparatus.  Some  of  the  first  locomotives  were  made  of  street- 
car trucks  weighted  down.  Many  were  of  the  single-motor 
type,  with  connecting  rods  or  with  chain  drive.  The  motors 
were  not  enclosed,  and  the  trolley  was  of  the  pantagraph  type. 
For  a  long  time  the  equipment  was  inadequate,  largely  on  ac- 
count of  the  narrow  gauge  as  compared  with  street-railway 
work,  and  also  because  each  locomotive  was  proportioned  for 
particular  service,  which  afterwards  increased  as  the  haul  was 
extended.  The  equipment  was  based  on  about  5.5  h.p.  per 
ton,  which  will  stand  an  intermittent  service  fairly  well,  but 
is  not  sufficient  for  long  hauls  or  on  heavy  grades  where  sand  is 
used. 

Modem  locomotives  have  usually  two  series  motors,  with 
a  total  capacity  of  about  10  h.p.  per  ton  of  locomotive  weight. 
These  motors  are  rated  at  75  degrees  cent,  rise  in  1  hr.,  or  in 
some  cases  are  rated  for  40-min.  service.  A  rheostatic  controller 
with  grid  resistance  is  used,  and  motors  are  operated  in  parallel 
on  heavy  pulls  and  in  series  for  switching.  The  change  is 
made  by  a  four-point  reversing  cylinder.  In  a  new  controller 
for  heavy  work,  each  point  on  the  controlling  cylinder  has  a 
double-contact  finger  and  a  separate  blow-out  coil.  Arc  head- 
lights are  largely  used. 

In  many  mines  it  is  desired  to  gather  the  wagons  from  rooms 
to  cross-headings  by  motors.  For  this  service  small  locomotives 
weighing  from  4  to  6.5  tons  are  used,  and  since  it  is  not  desir- 
able to  have  trolley  wire  in  the  rooms,  these  locomotives  are 
provided  with  cable  reels.  These  reels  are  arranged  auto- 
matically to  reel  out  cable  when  running  into  rooms,  and  reel 
it  up  again  on  coming  out.  The  cable  is  hooked  over  the  entry 
trolley  and  supplies  current  to  the  locomotives.  The  reel  may 
be  driven  by  a  sprocket  chain,  through  a  friction  clutch,  from 
the  axle  of  the  locomotive  or  from  the  shaft  of  one  motor.  The 
reel  may  also  be  operated  by  a  coiled  spring,  if  the  cable  be  not 
too  long,  or  by  a  small  series  motor  connected  permanently  in 
circuit.  Where  grades  are  very  heavy  against  the  load,  a  wire- 
rope  reel,  with  a  small  independent  motor,  is  sometimes  provided. 
In  this  case,  the  locomotive  remains  at  the  top  of  the  grade, 
lowers  the  empty  car  by  gravity  and  hauls  up  the  loaded  wagon 
by  the  wire  rope. 

Main-line  four-wheel  locomotives  are  not  often  made  heavier 
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than  14  tons,  on  account  of  the  heavy  rail  required.  When 
more  power  is  needed,  six-wheel,  three-motor  locomotives  are 
used,  of  from  15  to  20  tons  weight,  or  two  four-wheel  locomotives 
are  coupled  together  with  a  single  four-motor  controller,  and 
with  the  brake  rigging  operated  from  one  lever.  These  tandem 
locomotives  are  sometimes  so  arranged  as  to  be  easily  discon- 
nected and  worked  separately  when  desired. 

Electric  coal-cutters  were  first  of  the  '*  cutter-bar "  type, 
in  which  the  '*  bits "  or  small  chisels  were  staggered  around 
the  surface  of  a  horizontal  cylinder,  which  was  rotated  and  forced 
under  the  coal,  making  an  undercut  of  a  width  and  height  equal 
to  the  length  and  diameter,  respectively,  of  the  cylinder  cutter 
head.  The  next  type  was  the  chain-breast  machine,  which  is 
very  largely  in  use  at  present.  This  type  comprises  a  stationary 
rectangular  frame  and  a  moveable  frame,  carr3ring  the  motor, 
gearing  and  cutter  head,  travelling  within  the  stationary  frame. 
The  cutter  head  is  the  base  of  a  long  isosceles  triangle,  around 
which  the  chain  is  driven  by  a  sprocket  at  the  apex.  This 
chain  cafries  a  number  of  cutters  or  bits,  about  one-third  being 
uppers,  one-third  lowers,  and  one-third  centers.  The  chain 
is  fed  forward  into  and  under  the  coal  by  a  rack-and-pinion  feed, 
the  cut  being  about  4  or  6  in.  high  and  44  in.  wide.  Both  types 
of  machines,  after  making  a  cut  to  the  desired  depth,  are  shifted 
side-ways;  the  operation  is  repeated  until  the  face  of  the  room 
is  undercut  completely  across,  after  which  the  coal  is  blasted 
down. 

A  new  type  of  machine  is  an  electrically  driven  puncher. 
This  puncher  consists  of  a  vertical  motor  with  gearing,  and  a 
cylinder  and  two  pistons,  one  of  which  is  driven  by  the  motor, 
the  other  carrying  the  cutting-tool  or  pick.  The  rear  piston, 
driven  by  the  motor,  compresses  air  on  its  backward  stroke, 
and  the  front  piston,  carrying  the  tool,  is  forced  back  by  atmos- 
pheric pressure.  At  a  certain  point  the  rear  piston  passes  a 
port  which  admits  the  compressed  air  between  the  two  pistons. 
As  the  front  piston  is  free  to  move,  it  is  driven  forward,  causing 
the  tool  to  strike  the  coal  with  great  force.  Should  the  pick 
not  strike  the  coal,  the  blow  is  absorbed  by  an  air  cushion  at 
the  front  of  the  cylinder.  This  machine  is  mounted  on  a  pair 
of  wheels,  like  the  air  puncher,  and  is  operated  in  substantially 
the  same  way. 

Another  type  of  under-cutting  machine  is  similar  to  the  chain- 
breast  machine,  except  that  after  making  the  first  undercut, 
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instead  of  withdrawing,  moving  sidewajrs,  and  repeating  the 
forward  cut,  this  machine  remains  under  the  coal  and  is  drawn 
sideways  across  the  room,  cutting  as  it  goes.  This  type  is 
especially  adapted  for  cutting  wide  rooms  or  long  faces,  and  is 
called  a  "  long- wall  "  machine. 

Machines  have  also  been  designed  to  cut  and  load  the  coal, 
without  blasting.  One  of  these  is  made  up  of  two  discs  or  cutting 
wheels  about  4  ft.  in  diameter  carrying  bits  in  the  periphery, 
mounted  side  by  side  and  rotated  in  opposite  directions.  These 
are  fed  into  the  coal  and  undercut  it,  carrying  the  cuttings  to 
the  center,  where  a  conveyor  chain  picks  them  up  and  feeds 
them  back  into  a  car.  At  the  same  time,  two  puncher  machines, 
mounted  above  the  wheels  and  one  at  each  side,  on  swivels, 
are  used  to  break  down  the  coal  as  it  is  undercut,  the  cutter 
wheels  throwing  the  coal  to  the  center  whence  it  is  carried 
back  by  the  conveyor.  This  machine  as  first  designed  is  oper- 
ated by  compressed  air. 

Another  machine  has  a  double  cutter  head,  like  two  standard 
chain  machines,  one  above  the  other.  The  double  head  is  swung 
in  a  vertical  plane,  describing  an  arc  of  about  180  degrees, 
like  a  steam  shovel,  except  that  the  cutting  is  done  on  the  down 
ward  stroke.  *  This  machine  cuts  the  entire  vein  into  fine  slack, 
which  is  preferable  for  coking.  v 

Electric  mine  pumping  does  not  differ  essentially  from  power 
pumping  on  the  surface,  except  that  the  water  is  usually  acid, 
and  that  grit  and  fine  coal  must  often  be  handled.  In  the 
geared-type  plunger  pumps,  the  valve  lift  is  increased  to  allow  the 
passage  of  fine  coal,  etc.,  and  the  cylinders,  plungers,  valve  seats 
and  stuffing  boxes  are  made  of  acid-resisting  material.  In  some 
extreme  cases  cement-lined  pumps  with  wooden  plungers  are 
used,  or  the  entire  pump  is  wood-lined.  Where  the  water  is 
not  too  strongly  acid,  and  other  conditions  are  favorable,  turbine 
pumps  are  used,  eliminating  valves,  packing,  gears,  etc.  Rotary 
pumps  of  new  design  are  also  coming  into  use  where  the  water 
does  not  contain  much  grit. 

One  of  the  first  electrical  mining  plants  in  the  Pittsburg  district 
was  that  at  Grindstone,  near  Brownsville,  Pa.  The  generator 
was  a  bipolar  machine  of  about  60  kw.,  driven  by  a  Corliss 
engine  through  a  countershaft.  It  is  still  in  daily  operation. 
Cutter-bar  mining  machines  were  operated. 

The  two  largest  plants  at  that  period  were  those  at  Essen, 
near  Carnegie,  and  Scott  Haven,  above  McKeesport,  both  of 
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which  are  now  operated  by  the  Pittsburgh  Coal  Company. 
The  Essen  plant  supplied  two  mines,  and  consisted  of  three 
bipolar,  250-volt,  150-kw.  generators,  belt-driven.  A  number 
of  mining  locomotives  were  used,  these  having  but  one  motor, 
carried  lengthwise  in  the  locomotive  frame,  with  bevel  gears 
at  each  end.  On  account  of  this  positive  connection  to  all 
driven  wheels,  and  also  on  account  of  the  steel-tired  wheels, 
these  locomotives  had  a  very  high  draw-bar  pull,  but  they  were 
expensive  to  operate  on  account  of  the  difficulty  of  holding 
the  bevel  gearing  in  line. 

The  Scott  Haven  plant,  installed  in  1895,  supplied  four 
mines,  and  consisted  of  four  belted,  650-volt,  100-kw.,  four- 
pole  generators.  The  switchboard  was  a  skeleton  oak  frame, 
with  round  copper  bus-bars,  the  switches  being  front-connected. 
On  account  of  the  high  potential,  a  metallic  circuit  was  pro- 
vided for  the  mining  machines  as  being  safer  for  the  men,  but 
this  circuit  quickly  became  grounded  in  the  mines.  All  the 
apparatus  was  later  put  on  a  grounded  circuit  with  rail  return. 

The  locomotives  in  the  Scott  Haven  plant  were  of  the  two- 
motor  t3rpe  and  mechanically  of  modem  design.  The  motors 
were  of  about  23-h.p.  rating  on  10-ton  locomotives.  The 
armatures  were  cross-connected  and  were  very  difficult  to  rewind. 
These  motors  were  replaced  in  1898  by  35-h.p.  motors  for  nar- 
row gauge  use,  originally  designed,  the  author  believes,  for  the 
Boston  Blevated  Railway.  One  of  these  locomotives  has  still 
in  service  the  motor  installed  in  1898,  the  armature  never  having 
been  taken  out. 

The  installation  at  Scott  Haven  included  some  of  the  earliest 
motor-driven  fans  and  pumps.  Practically  all  of  these  are  still 
in  use. 

One  of  the  first  direct-connected  plants  was  installed  in  1897 
at  Moon  Run,  about  5  miles  West  of  McKees  Rocks.  This 
plant  was  first  used  for  haulage  alone,  and  included  one  165-kw., 
250-volt  generator,  driven  at  240  rev.  per  min.  by  a  center-crank 
engine.  Another  unit  was  installed  later  with  a  side-crank 
engine,  but  before  this  was  in  place  the  center-crank  engine 
shaft  broke  in  the  disc.  It  was  operated  for  several  weeks 
after  breaking  in  two,  until  the  other  unit  could  be  started. 

One  of  the  first  alternating-current  central  plants  for  coal- 
mining purposes  was  installed  in  1902  at  Gary,  W.  Va.  This 
plant  first  contained  two  400-kw.,  6600-volt,  25-cycle  generators, 
driven  by  twin  simple  engines  with  independent  govemort. 
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The  exciting  equipment  consisted  of  one  25-kw.  vertical  engine- 
driven  unit  and  one  25-kw.  generator  direct-driven  by  a  40-h.p. 
induction  motor  at  720  rev.  per  min.  All  oil  switches  were  in 
brick  cells  back  of  the  switchboard,  with  remote  manual  control, 
the  feeder  switches  being  of  the  automatic  overload  release  type 
with  time  limit  relay.  The  generator  switches  were  non-auto- 
matic. 

The  longest  transmission  was  originally  3  miles.  Three 
substations  were  built,  each  containing  one  150-kw.,  275-volt 
converter  with  step-down  transformers  and  the  usual  switch- 
board equipment.  Each  sub-station  also  contained  step-down 
transformers  for  induction  motors  at  tipples,  etc.  Direct  current 
from  the  converters  was  used  for  haulage  only,  supplying  main- 
line and  gathering  locomotives  of  the  cable-reel  type,  and  the 
larry  equipments  for  the  coke  ovens.  These  larry  equipments 
included  one  motor  with  a  reversing  controller,  resistance  and 
trolley,  and  the  motors  were  duplicates  of  those  on  the  smaller 
locomotives.     Each  larry  could  haul  one  trailer. 

Induction  motors  are  used  on  single-stage,  two-stage,  four 
stage  and  five-stage  turbine  pumps,  for  coke  oven  supply;  on 
crushers  in  sizes  of  75,  200,  300  and  400  h.p.  at  the  tipples;  on 
mine  fans,  for  which  purpose  two-speed,  changeable-pole, 
100-h.p.  and  150-h.p.  motors  are  used;  for  driving  deep-well 
pumps  and  small  compressors  for  air  lift,  with  silent-chain 
drive;  and  for  driving  picking  tables,  car  hauls,  conveyers,  etc. 
at  tipples. 

This  plant  was  later  increased  by  adding  two  750-kw.,  6600- 
volt  generators,  driven  by  cross-compound  Corliss  engines 
at  125  rev.  per  min.  At  the  same  time  the  original  twin  simple 
engines  on  the  smaller  units  were  changed  to  cross-compound, 
giving  better  regulation  and  economy.  Within  the  past  year 
one  1000-kw.  steam  turbine  on  140  lb.  pressure  has  been  added, 
also  one  1000-kw.  low-pressure  turbine,  using  exhaust  steam 
from  the  engines.  Condenser  equipment,  including  three  large 
cooling  towers,  has  been  provided  for  the  turbines. 

Nine  sub-stations  are  now  in  operation,  and  three  500-kw. 
step-up  transformers,  6600  to  22,000  volts,  have  been  installed 
for  supplying  mines  to  be  opened  about  12  or  16  miles  distant. 

A  very  economical  plant  has  been  installed  near  Fairchance, 
Pa.,  utilizing  in  the  boilers  the  waste  heat  from  the  coke  ovens. 
A  large  flue  is  built  back  of  100  bank  ovens,  with  smaller  flues 
connecting  each  oven,  and  a  boiler  plant  is  located  at  the  center 


Digitized  by  VjOOQIC 


1908]  WOOD:  ELECTRICITY  IN  MINES  1577 

of  each  section  of  50  ovens.  Thus  each  boiler  plant  draws  from 
25  ovens  each  way,  making  a  travel  of  about  350  ft.  for  the  hot 
gases.  The  engine  room  is  half  way  between  the  boiler  plants, 
and  contains  four  400-kw.,  2300- volt,  25-cycles,  three-phase 
generators,  driven  by  cross-compound  engines.  By  means  of 
five  sub-stations  this  plant  now  supplies  seven  works,  operating 
locomotives,  larry  equipments,  car  hauls,  conveyers,  fans, 
pumps  and  coke-drawing  machines.  Up  to  the  present  time  it 
has  been  found  necessary  to  operate  but  one  boiler  plant,  but 
extensions  are  under  way  which  will  absorb  the  entire  capacity 
of  the  plant,  one  of  the  additions  being  a  1000-cu.  ft.,  1000-lb. 
motor-driven  compressor  for  supplying  air  locomotives  in  a  gase- 
ous mine.  When  the  demand  for  power  increases,  it  is  expected 
to  install  a  low-pressure  turbine  with  condensers,  which  would 
give  about  1000-kw.  additional  when  op)erating  three  engine 
units. 

At  Ellsworth,  Pa.  it  was  expected  ultimately  to  install  an 
alternating-current  central  station,  and  belt-driven  synchronous 
converters  were  installed  for  temporary  use  as  three-wire 
direct-current  generators.  A  neutral  was  obtained  from  the 
collector  rings  through  the  secondaries  of  small  200-volt  trans- 
formers, and  this  neutral  was  permanently  grounded  to  the  mine 
tracks.  Locomotives,  machines,  and  pumps  were  operated 
at  275  volts  between  either  main  lead  and  the  track,  the  load 
being  balanced  as  nearly  as  possible,  while  outside  motors,  on 
fans,  etc.  are  connected  across  550  volts.  It  was  found  that 
straight  star  connections  to  the  neutral  from  the  collector  ring 
through  transformers  would  not  work,  as  the  converters  bucked 
badly  until  interconnections  were  made  to  neutralize  the  flux 
in  the  transformers  due  to  unbalanced  direct  current.  It  was 
also  clearly  demonstrated  that  the  old  style  converters  are  much 
better  adapted  for  use  as  direct-current  generators  than  the 
modem  design.  The  first  ones  installed  were  built  7  or  8  years 
ago  and  operated  well  with  proper  attention.  One  or  two 
new  ones  could  not  be  operated  successfully  at  more  than  one- 
half  rated  capacity. 

Three-wire,  direct-current  plants  are  also  in  operation  in 
West  Virginia,  using  railway  type  generators,  with  derived 
neutral  through  balancing  transformers.  One  of  these  plants, 
at  Minden,  W.  Va.,  operates  three  300-kw.,  600-300-volt  genera- 
tors, driven  by  cross-compound  engines,  and  supplies  four  mines. 
The  apparatus  in  use  includes  20  locomotives,  16  machines, 
21  pumps  and  14  fan,  car-haul,  and  miscellaneous  motors. 
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The  three-wire  system  has  the  advantage  of  being  less  danger- 
ous than  that  using  550  volts  pressure;  the  return  or  bonding 
need  not  be  so  good,  and  motors,  etc.  stand  up  better.  The 
two  voltages  are  also  useful  for  variable-speed  requirements. 
It  is  objected  to  on  account  of  the  care  required  in  balancing  the 
circuits.  As  a  transmission  problem,  it  is,  with  perfect  balance, 
a  600-volt  metallic  circuit,  and  therefore  requires  just  twice 
the  copper — ^neglecting  the  difference  in  bonding — ^as  a  600- 
volt,  grounded-retum  system,  or  half  the  copper  as  compared 
with  a  two-wire,  300-volt  grounded  system.  The  balancing 
is  most  effective  when  a  large  number  of  small  units  are  operated. 
The  unbalanced  current  at  Minden  rarely  exceeds  15  per  cent. 

In  Woodward,  Alabama,  a  plant  has  been  installed  at  the 
furnaces  of  the  Woodward  Iron  Company,  taking  steam  from 
the  furnace  boiler  plant,  normally  fired  by  blast-furnace 
gas.  The  plant  includes  three  400-kw.,  3500-volt,  25-cycle, 
three-phase  generators,  with  cross-compound  engines.  At  or 
near  the  furnaces  two  two-stage  turbine  pumps,  delivering 
3000  gal.  per  minute  each  against  a  135-ft.  head,  are  operated 
for  furnace  use,  while  two  100-kw.  motor-generator  sets  supply 
250-volt  direct  current  to  shop  motors,  small  locomotives 
handling  ore  wagons,  and  a  travelling  crane  handling  hot  iron 
on  the  casting  floor. 

At  No.  1  coal  mine,  abput  2.5  miles  away,  the  current  is  taken 
underground  in  a  three-conductor,  varnished-cloth  insulated, 
steel-armored  cable.  Four  thousand  feet  inside  are  two  700- 
gal.  triplex  pumps  chain-driven  by  two  160-h.p.,  3300-volt. 
induction  motors  and  working  against  a  550-ft  head.  A  few 
thousand  feet  farther  in  is  an  endless  rope  haulage,  chain-driven 
by  a  variable-speed,  3300-volt  motor,  running  at  200-480  rev. 
per  min.,  with  a  controller  and  secondary  resistance.  About 
two  miles  from  the  pit  mouth  is  an  underground  sub-station, 
containing  one  200-kw.  converter  with  step-down  transformers, 
etc.,  supplying  276-volt  current  to  mine  locomotives.  A  num- 
ber of  small  triplex  pumps,  operated  by  440-volt  induction 
motors,  are  also  in  use. 

At  No.  2  coal  mine,  about  two-thirds  of  a  mile  farther  from 
the  power  plant,  current  is  taken  underground  approximately 
two  miles  to  a  duplicate  sub-station,  also  supplying  locomotives, 
and  up  an  air  shaft  to  a  50-h.p.,  3300-volt  motor  driving  a  mine 
fan.  On  account  of  the  frequent  labor  troubles  in  that  district, 
it  was  not  advisable  to  take  any  power  overhead,  except  along  the 
railroad  to  the  coal  mines,  where  the  line  could  be  patrolled. 
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The  plant  is  now  being  enlarged  to  provide  power  to  the  ore 
mines,  three  miles  from  the  plant  in  another  direction,  to  operate 
hoists,  crushers,  pumps,  and  air  compressors  for  rock  drills. 

The  six  150-h.p.,  3300-volt  motors  on  turbine  pumps,  triplex 
pumps,  and  motor-generator  sets  are  duplicates.  The  under- 
ground cable  is  suspended  from  a  messenger  wire,  with  frequent 
loops  for  expansion  and  repair.  There  have  been  several  rock- 
falls  on  the  cable,  most  of  which  have  caused  short-circuits, 
but  repairs  are  easily  made.  The  armor  is  protected  against 
corrosion  by  a  layer  of  jute  and  asphalt,  but  the  miners  have 
cut  a  good  deal  of  this  off  for  kindling  to  start  fires.  They 
also  stole  about  40  gallons  of  oil  out  of  the  substation  trans- 
formers one  night,  for  use  in  their  lamps. 

These  mines  go  in  on  a  slope  of  about  20  per  cent  for  the  first 
mile,  after  which'  the  vein  flattens  out.  There  is  only  about  4 
ft.  of  headroom.  A  good  deal  of  the  underground  apparatus 
was  skidded  down    on    the    track    rails. 

At  Ehrenfeld,  near  Johnstown,  is  a  plant  in  which  belt-dnven 
converters  were  first  used  for  generators,  supplying  an  under- 
ground substation  through  step-up  transformers  from  165  to 
5600  volts.  This  substation  contained,  besides  the  necessary 
step-down  transformers,  one  250-kw.,  276-volt  converter, 
operating  on  the  trolley  in  parallel  with  the  direct-current  side 
of  the  double-current  generators.  This  was  the  first  alternating- 
current  plant  operating  underground  substations.  Larger 
direct-connected  generators  have  since  been  installed.  It  was 
the  intention  to  use  the  original  generators  as  converters  later. 

At  Yatesboro,  Pa.,  there  is  a  successful  installation,  operating 
a  number  of  motor-driven  compressors,  fans  and  sub-stations. 
The  station  equipment  includes  two  1500- kw.,  60-cycle  turbine 
units,  generating  three-phase  current  at  6600  volts.  In  two 
substations  are  installed  300- kw.,  550- volt  converters  running 
at  900  rev.  per  min.  and  in  a  third  a  motor-generator  set,  with 
an  induction  motor  driving  a  300-kw.,  550-volt  generator. 
Three  motor-driven  fans  are  in  use  at  different  mines,  one  with 
a  250-h.p.  motor,  belt-driven,  one  with  a  250-h.p.  motor  and 
silent-chain  drive,  and  a  third  with  a  400-h.p.  motor  direct-con- 
nected through  a  flexible  coupling.  There  are  also,  at  the  various 
mines,  eleven  1400-cu.  ft.  duplex  compressors,  belt-driven  by 
250-h.p.,  6600-volt  induction  motors.  One  interesting  feature 
of  this  plant  is  that  these  high-tension  induction  motors  are 
all  started  by  throwing  directly  on  the  line. 
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At  Windber,  Pa.,  there  have  been  operating,  until  this  year, 
eight  direct-current  power  plants  supplying  12  mines.  Two 
of  these  plants,  those  at  No.  36  and  No.  40  mines,  are  efficient 
installations  with  cross-compound  condensing  Corliss  units, 
water-tube  boilers,  etc.,  but  the  range  of  distribution  was  such 
that  the  loss  in  transmission  overcame  the  efficiency  in  the 
plants. 

In  most  of  the  mines  locomotives  only  were  operated,  at 
550  volts,  and  the  transmission  was  from  1.5  to  2.5  miles.  Com- 
pressed-air **  puncher-type  *'  mining  machines  and  compressed- 
air  pumps  were  used,  with  steam  engine-driven  fans.  It  was 
decided  to  centralize  the  power,  to  do  away  with  all  the  direct- 
current  power  plants,  except  No.  36  and  No.  40,  and  to  limit 
their  field  to  a  radius  not  exceeding  1.5  miles.  The  boilers  from 
some  of  the  dismantled  steam  plants  have  been  assembled  and 
a  plant  installed  at  No.  35  mine,  in  nearly  the  center  of  the  field. 
The  equipment  includes  one  400-kw.,  6600-volt,  three-phase, 
25-cycle  generator,  driven  by  a  cross-compound  engine,  and 
two  1000-kw.  steam-turbine  units  to  operate  at  140  lb.  pressure 
and  1500  rev.  per  min.  One  additional  turbine  unit,  probably 
of  3000-kw.  capacity,  will  be  installed  early  next  year. 

The  400-kw.  engine-driven  unit,  with  two  200-kw.  converters, 
was  purchased  some  years  ago.  These  converters  with  one  ad- 
ditional, will  be  installed  at  No.  38  mine  and  also  supply  No. 
39.  At  No.  33  mine  and  also  to  supply  the  front  end  of  No. 
34,  will  be  located  two  150-kw.,  belted-type,  550-volt  generators, 
formerly  used  at  No.  30,  now  to  be  direct  driven  by  225-h.p., 
6,600-volt  synchronous  motors  at  500  rev.  per  min.  In  this  sub- 
station will  also  be  installed  one  1800-cu.  ft.,  2-stage  air  com- 
pressor, direct-driven  by  one  300-h.p.,  6600-volt,  synchronous 
motor  at  187  rev.  per  min.  In  a  substation  afrthe  back  end  of  No. 
34  mine,  also  supplying  No.  3.1  mine,  will  be  located  one  300-kw. 
converter  and  two  direct-driven  1800  cu.  ft.,  2-stage  compressors. 

At  No.  41  mine  electric  puncher  machines  are  supplied  with 
250-volt  current  from  a  100-kw.  generator  driven  by  a  150-h.p. 
440-volt  induction  motor  at  750  rev.  per  min. 

At  No.  42  mine  two  300-kw.,  550-volt  converters  are  installed, 
to  operate  locomotives  in  two  drifts,  one  in  each  vein  of  coal, 
and  also  to  feed  into  the  back  end  of  No.-  36. 

At  No.  35  shaft,  two  miles  back  from  the  pit  mouth  is  located 
a  large  fan  to  ventilate  No.  35  and  parts  of  No.  36  and  No.  40. 
This  fan  will  be  driven  by  a  400-h.p.,  variable-speed,  6600-volt 
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motor,  direct-connected  through  flexible  coupling,  to  operate 
at  200  to  285  rev.  per  min.  A  substation  here  contains  two 
300-kw.  converters,  with  space  reserved  for  one  more,  also  six 
150-kw.  transformers,  with  a  6600-440-volt  ratio  supplying 
two  large  pumps  at  the  shaft  bottom.  A  drainage  level  was 
located  across  mines  Nos.  37,  40,  35,  36  and  42,  all  the  water 
above  which  will  flow  by  gravity  to  this  shaft.  Here  will 
be  placed  two  two-stage  turbine  pumps,  each  of  4000-gal. 
capacity  per  minute  against  a  330-ft  head,  and  each  will  be  driven 
by  a  500-h.p.,  440-volt  induction  motor  at  730  rev.  per  min. 
These  pumps  will  replace  over  70  compressed-air  and  steam 
pumps. 

A  sub-station  will  be  located  at  the  rear  end  of  No.  37  mine, 
and  contain  one  300-kw.  converter,  and  later  one  motor-driven 
compressor.  This  converter  will  work  in  parallel  with  No.  40 
direct-current  plant,  supplying  the  outside  haulage,  etc. 

An  induction  motpr  has  been  designed  for  the  electric  coal 
puncher,  or  **  pneumelectric  "  machine,  and  it  is  expected,  if 
this  proves  a  success,  to  replace  the  compressed-air  punchers 
wherever  found  practicable.  On  account  of  the  large  invest- 
ment in  machines,  pipe,  etc.  some  mines  will  still  be  operated 
by  air,  as  No.  33,  34,  31,  37  and  40,  and  wherever  necessary 
for  best  economy  motor-driven  compressors  will  be  located 
near  the  work,   displacing  steam-driven   machines. 

The  output  of  these  mines  is  normally  about  18,000  tons  per 
day.  The  cost  per  ton  has  been  slowly  but  steadily  increasing 
from  year  to  year,  as  the  mines  advanced,  and  transmission 
lines  and  water  lines  lengthened.  It  is  expected  to  increase 
this  output  as  desii:ed  to  over  20,000  tons  per  day,  and  to  reduce 
the  cost  at  least  6  cents  per  ton.  This  cost  should  then  increase 
but  very  slightly  for  probably  the  next  5  or  10  years. . 

The  cost  of  the  electrical  equipment,  including  foundations, 
buildings  and  installation,  will  approximate  $250,000,  and  the 
total  cost  of  improvements,  such  as  shafts,  drainage  tunnels, 
etc.,  will  amount  to  about  $600,000. 
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Discussion  on  *'  Electricity  in  Mines."  Pittsburgh  Section, 
November  10.  1908. 

F.  L.  Sessions:  I  should  like  to  suggest,  what  is  not  entirely 
original,  a  basis  for  the  rating  of  mine  locomotives  as  follows: 
the  motor  capacity  shall  be  equal  to  a  stated  horse  power 
per  ton  of  locomotive  weight  per  mile  per  hour  at  a  stated  speed 
in  miles  per  hour,  at  75  degrees  cent,  rise  of  motor  temperature 
as  measured  by  thermometer  after  a  1-hr.  run. 

Or,  as  an  alternative  which  will  refer  strictly  to  the  locomotive 
performance  at  the  draw-bar:  the  rating  of  an  electric  mine 
locomotive  shall  be  based  upon  the  horse  power  .per  ton  of  loco- 
motive weight  per  mile  per  hour  at  a  given  speed  in  miles  per  hour 
developed  at  the  draw-bar  continuously  for  an  hour,  with  a  rise 
in  temperature  of  any  part  of  the  motors  of  75  degrees  cent. 

W.  A.  Thomas:  The  exhaust-steam  turbine  will  be  of  con- 
siderable importance  in  the  near  future.  A  number  of  plants 
have  been  equipped,  and  many  more  low-pressure  turbines 
might  advantageously  be  installed  where  the  exhaust  steam 
from  reciprocating  engines  is  being  wasted.  In  the  case  of 
one  coal  company,  since  putting  in  exhaust-steam  turbines 
1,000  kw.  have  been  recovered  on  four  units,  whereas  formerly 
not  more  than  200  kw.  in  heating  value  were  obtained  from 
the  exhaust  of  the  engines.  This  economy  is  bound  to  become 
a  marked  feature  in  general  work  as  well  as  in  coal-mining  opera- 
tions. 

The  standard  of  laws  for  the  use  of  electricity  in  mines,  that 
has  been  considered  in  the  establishment  of  laws  in  Pennsylvania 
is  similar  to  that  established  in  New  South  Wales.  Electrical 
men  who  are  associated  with  mining  operations  should  make 
themselves  familiar  with  these  laws. 

Probably  one-third  of  the  restrictions  and  special  limitations 
in  the  New  South  Wales  laws  are  on  account  of  defective  insula- 
tion on  the  wires,  and  as  good  insulation  is  used  there  as  can  be 
obtained  in  this  country.  In  this  country  it  is  usually  considered 
that  up  to  600  volts  the  wires  should  be  left  bare.  In  establishing 
rules  in  this  country  I  believe  it  will  eventually  be  decided  that 
bare  wires  should  be  used  and  that  we  should  not  trust  to  insu- 
lation. 

I  agree  fully  with  Mr.  Sessions  in  his  ideas  on  standard  ratings. 
I  think  that  concerted  effort  should  be  made  on  the  part  of  the 
manufacturers  to  get  mining  men  who  are  interested  in  electrical 
matters  to  comprehend  more  fully  what  an  electrical  rating  is. 
and  then  come  to  a  common  basis,  as  it  is  confusing  to  an  opera- 
tor if  he  is  not  acquainted  with  these  matters. 

H.  W.  Fisher:  The  destruction  of  the  lead  covering  of  cables 
by  acids  in  mines  has  been  repeatedly  brought  to  the  attention 
of  the  manufacturer  of  cables.  At  present  we  are  experimenting 
with  a  form  of  cable  which  is  protected  by  the  use  of  a  high 
melting  compound  which  is  practically  acid  proof.     In  making 
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this  cable  the  strand  is  first  coated  with  the  compound,  so  as  to 
prevent  moisture  from  entering  the  cable  along  the  strand  in 
case  the  ends  are  not  especially  well  protected.  Then  varnished 
cloth  is  applied  to  about  the  necessary  thickness  for  the  voltage 
in  question,  after  which  a  layer  of  this  special  compound  is 
applied,  then  one  or  two  layers  more  of  varnished  cloth,  and  over 
these  the  usual  braids. 

We  also  make  a  rubber-insulated  cable  which  is  finished  with 
a  layer  of  special  black  compound  and  varnished  cloth  and 
braid  as  above  specified.  These  forms  of  cables  have  only  re- 
cently been  put  on  the  market,  but  sufficient  time  has  not  elapsed 
for  us  to  know  definitely  if  they  are  giving  satisfaction. 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


A  pmptr  preM€ni*dmi  tkt  881x/  mtrting  of  ikt 
American  InstituU  of  EUttrUal  Engintert 
New  Vork^  Nnv€mber  15,  IWIB.     _ 

Copyright  1908.      B7A.I.S.X. 


ELECTRIC  HEATING 


BY  W.  S.  HADAWAY,  JR. 

It  may  assist  in  a  better  understanding  of  the  terms  used 
in  discussing  electric  heating  to  state  at  the  outset  that  the 
words  heat,  potential,  etc.,  are  employed  more  specifically 
than  has  generally  been  fotmd  necessary  in  discussing  heat 
effects  apart  from  electricity.  Heat,  like  electricity,  is 
assumed  to  flow  from  a  surface  of  high  potential  to  one  of  low 
potential.  Quantity  or  volume  of  heat  is  analogous  to  quan- 
tity of  electricity.  Unit  quantity  is  here  figured  as  the  British 
thermal  unit,  though  for  technical  purposes  it  is,  of  course, 
the  calorie.  Temperature  corresponds  to  potential.  Heat  po- 
tential is  as  true  an  expression  of  potential  as  is  impressed 
electromotive  force ;  it  should  not,  however,  be  conf otmded  with 
static  potential,  a  term  used  in  discussing  energy  of  gas.  It 
would  materially  simplify  thermal  nomenclature  if  a  word 
were  coined  to  designate  heat  potential  in  the  same  manner  that 
electromotive  force  expresses  electrical  potential. 

The  term  "  electric  heating  '*  is  commonly  used  to  express 
the  frittering  down  of  the  higher  potential  energy  of  electricity 
into  the  lower  potential  energy  of  heat.  There  is  no  well 
defined  line  of  demarcation;  the  result  is  inseparable  from  the 
conveyance  or  utilization  of  electricity  in  any  degree.  The  ex- 
pression is,  therefore,  a  meaningless  one  from  the  heat  engineer's 
standpoint  and  it  fails  accurately  to  express  the  performance 
of  useful  work  by  the  transmission  of  heat  energy  to  a  distance 
by  means  of  electricity.  The  expression,  "  electricity,  a  factor 
in  a  telethermic  system,"  would  be  a  better  definition,  but  for 
obvious  reasons  the  shorter  and  simpler  expression  is  employed. 

Heat  energy  is  to  be  regarded  as  a  commodity  that  can  be 
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generated  or  controlled  in  convenient  form  and  distributed  and 
sold,  and  in  which  electricity  is  used  either  directly  as  the 
high-potential  heat  factor  or  indirectly  as  agent.  The  distribu- 
tion and  application  of  heat  energy  by  electricity  to  arc  and 
incandescent  lighting,  to  metal  welding  and  forging,  and  to 
electric  furnaces  for  various  industrial  operations  are  illustra- 
tions of  results  already  attained  in  electric  heating  and  are 
properly  discussed  under  the  broad  interpretation  of  the  subject. 

The  feature  of  the  subject  we  are  to  consider  is  the  practical 
adaptability  of  commercial  electricity  for  heating  purposes  and 
for  performing  useful  work  under  the  conditions  imposed  in 
general  industrial  and  domestic  life,  apart  from  the  specific 
adaptations  previously  mentioned,  and  particularly  in  connec- 
tion with  other  heat  distributors  for  a  multipotential  heat 
supply. 

These  applications  may  be  roughly  divided  into  two  classes 
according  to  the  degree  of  concentration  of  the  heat  energy 
used.  The  first  class  includes  low-temperature  heating,  gen- 
erally diffused  and  in  large  volume;  the  second  includes  high- 
temperature  heating,  generally  localized  and  in  small  quantity. 

In  heating  on  a  small  scale  no  adeqtiate  classification  is  pos- 
sible; it  is  the  blending  of  high-potential  heat  energy  into  low- 
potential  heat  work  for  many  useful  operations  that  primarily 
suggests  the  feasibility  of  heat  transmission  by  electricity.  An 
arbitrary  line  of  temperature  demarcation  for  heating  on  a 
large  scale  has  been  drawn  at  250°  fahr. 

The  closest  common  analogy  to  the  differences  between  low- 
potential,  large-volume  and  high-potential,  small-volume  heat- 
ing is  the  distinction  between  volume  and  pitch  in  sound.  As 
examples  of  the  first  class  may  be  cited  the  heating  of  rooms 
and  of  water  at  atmospheric  pressure;  examples  of  the  second 
class  are  electric  ovens,  sad-irons,  and  soldering-irons. 

The  electrical  tmit  or  kilowatt-hour  is  the  equivalent  of  3412 
British  thermal  units.  For  practical  purposes  the  work  in  hand 
is  to  determine  the  useful  work  in  different  lines  obtainable 
from  this  ntunber  of  heat  units  at  a  fair  average  cost  of  supply. 
There  is  involved  indirectly  the  determination  of  relative  effi- 
ciency between  electric  and  other  methods  of  heat  generation, 
distribution,  and  application. 

To  show  what  the  heating  efficiency  of  different  methods  of 
application  may  mean,  the  following  experiments,  reviewed  in 
the  London  Electrician  for  Nov.  2,  1894,  are  cited.    The  deter- 
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minations  were  the  relative  heating  values  of  combustion  and 
electricity  by  resistance.  The  same  wires  were  heated,  first  in 
a  flame  and  then  by  electric  current.  It  was  foimd  that  with 
a  platinum  wire  held  in  a  flame  less  than  0.5%  of  the  thermal 
energy  produced  in  the  flame  was  transferred  to  the  wire,  while 
90%  of  the  electrical  energy  used  appeared  as  heat.  In  another 
case  an  iron  bar  weighing  about  20  lb.  was  heated  by  charcoal 
and  then  by  electricity.  In  the  former  case  about  0.75%  of 
the  thermal  energy  was  transferred  to  the  bar  and  in  the  latter 
case  88%.  It  is  evident  from  the  description  that  the  calori- 
metric  methods  employed  were  rough,  and  the  results  are 
quoted  more  as  qualitative  than  quantitative  determinations. 

It  should  be  observed  that  the  foregoing  illustrations  are 
examples  of  the  second  class  of  heating  applications;  figures 
tabulated  farther  on  will  show  results  obtained  in  water  heating 
by  various  methods  of  heat  application,  which  are  as  true  ex- 
amples of  efficiency  tests  as  the  preceding  but  in  the  first  class 
of  heating.  The  heat  capacity  of  the  work  performed  is  suffi- 
ciently large  to  express  the  relative  differences  in  combined 
efficiency,  and,  as  we  should  expect,  the  lower  the  temperature 
of  the  work,  the  larger  the  area  heated ;  and  the  greater  the 
capacity  the  less  the  difference  in  ratio  between  heating  by 
combustion  and  by  electricity.  We  may  .readily  determine  the 
Conditions  where  the  ratio  is  an  inverse  one. 

In  room-heating  apparatus  on  continuous  run  we  may  esti- 
mate that  one  watt-hour,  3.41  thermal  units,  will  heat  one  square 
foot  of  common  radiator  surface  through  1.20  degrees  fahr.; 
that  1000  watt-hours  or  3412  thermal  units  will  heat  the  surface 
approximately  126  degrees  fahr.  above  the  room  temperature; 
that  is,  for  room  heating  from  85  to  110  watt- hours  are  practically 
the  equivalent  of  steam  at  low  pressure  condensed  by  one  square 
foot  of  radiator  surface  with  the  difference  between  the  room 
and  the  radiator  temperatures  as  above  stated.  This,  of  course, 
takes  no  accotmt  of  the  heat  capacity  of  the  apparatus,  which 
is  practically  eliminated  by  the  imposed  conditions  of  continuous 
running.  We  may  safely  assume  that  a  fair  average  price  of 
the  electrical  unit  from  large  steam  electric  stations  is  6.7  cents. 
It  would  therefore  cost  0.65  cents  average  to  run  one  square  foot 
of  direct  radiation  surface  for  one  hour,  or  the  electrical  unit 
would  keep  about  10.3  sq.  ft.  of  radiator  surface  at  the  tempera- 
ture difference  noted  for  one  hour. 

Direct  comparison  of  this  value  with  practical  steam  heating 
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IS  difBcult,  owing  to  the  variables  involved.  We  may,  however, 
compare  it  with  a  central  station  steam  distributor  as  quoted 
by  Unwin  in  his  work  on  the  **  Development  and  Transmission 
of  Power,"  referring  to  a  New  York  steam  company. 

The  unit  of  heat  used  by  this  company  is  defined  as  the 
*'  kal  ",  which  is  stated  to  be  the  heat  required  to  evaporate  one 
pound  of  water  from  100*^  fahr.  at  361*^  fahr.  or  at  85  lb.  pres- 
sure per  square  inch.  One  kal  is  therefore  about  1110  thermal 
units.  On  a  sliding  scale  the  charge  is  stated  to  be  70c.  per 
1000  kals  to  small  users,  and  40c.  per  1000  to  large  users.  As 
the  price  of  G.7c.  per  electrical  unit  is  to  a  fairly  large  user,  we 
shall  compare  it  with  the  40c.  per  1000  kal  rate.  For  40c.  the 
consumer  obtains  1,110,000  thermal  units  from  the  steam 
station,  compared  with  20,400  thermal  imits  from  the  electric 
station,  a  ratio  of  nearly  54  to  1,  or  practically  50  to  1  as  a  loss 
must  be  figured  in  the  case  of  steam,  dei)endent  upon  the  tem- 
perature at  which  the  condensed  water  is  allowed  to  escape. 

It  is  interesting  to  note  in  passing  that  while  the  relative 
efficiencies  of  generation  are  about  as  12  to  1,  the  commercial 
rates  quoted  are  as  50  to  1.  The  ratio  of  the  cost  of  heat  energy 
from  the  electric  station  to  the  cost  from  the  steam  station  is 
therefore  practically  four  times  as  great  as  the  ratio  of  the  rela- 
tive costs  of  production.  This  disparity  should  be  considei^d 
in  discussing  the  influence  and  importance  of  the  load-factor 
as  discussed  by  Crompton  in  his  paper  on  "  Electric  Energy." 

Clearly,  the  steam-driven  electric  light  station  ranks  low  as  a 
heat  distributor  for  house  warming  on  any  considerable  scale. 
And  yet  notwithstanding  the  great  disparities  in  the  cost  of 
heat  energy  on  a  large  scale,  the  uses  to  which  small  electric 
air  heaters  are  put  are  surprisingly  ntmaerous.  We  are  all 
more  or  less  familiar  with  the  use  of  gas  stoves  for  room  warming, 
but  it  h£ts  been  found  by  wide  experience  that  the  electric  air 
heater  for  auxiliary  room  warming,  for  bath  and  dressing  rooms, 
for  libraries,  cabins  on  yachts  and  steamships,  in  mild  climates 
in  early  morning  and  evening,  etc.,  serves  its  purpose  with  fair 
economy,  and  without  vitiation  of  the  air  and  by-products 
always  evident  from  gas. 

It  is  then  on  a  comparatively  small  scale  and  in  intermittent 
service  that  the  electric  air  heater  is  useful  when  power  is  de- 
rived from  the  steam  electric  station  and  when  the  heat  supplied 
is  derived  from  the  electric  resistance.  It  is  interesting  to  note 
that  the  relative  costs  of  copper  and  structural  steel  differ  in 
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nearly  the  same  proportion  as  the  generation  costs  of  electricity 
and  steam.  And  while  we  use  steel  as  the  frame-body,  and 
copper  to  round  out  and  embellish  the  structure,  so  may  the 
relative  value  of  electricity  to  steam  be  regarded  in  heavy  quan- 
titative heating  work. 

This  discussion  does  not  include  heat  storage  systems  from 
hydroelectric  installations  which  have  been  described  briefly 
by  Mr.  Chas.  E.  Waddell*.  Where  an  equipment  is  utilized  for 
only  50%  to  G0%  of  the  day,  and  water  storage  is  not  required, 
there  are  opportunities  for  broadening  out  electric  heating  ap- 
plications by  absorbing  the  energy  of  the  plant  in  heated  water, 
which  may  be  employed  in  combination  w^ith  high-temperature 
heaters  at  periods  where  under  other  conditions  the  loads 
would  overlap.  It  is  evident  that  this  method  of  supplying  the 
low-temperature  component  of  a  heating  system  must  be  re- 
sorted to  before  electric  cooking  which  includes  hot  water 
in  considerable  volume,  can  be  generally  successful. 

While  considering  the  use  of  electricity  in  diffused  heating  on 
a  large  scale,  we  should  not  overlook  the  deductions  made  by 
Lord  Kelvin  **  On  the  Economy  of  the  Heating  or  Cooling  of 
Buildings  by  Means  of  Currents  of  Air  **  and  published  in  the 
Glasgow  Philosophical  Proceedings  Vol.  Ill  for  Dec.  1852  and 
followed  by  mathematical  demonstrations  in  the  Cambridge 
and  Dublin  mathematical  journal  for  Nov.  1853.  Quoting 
from  these  articles: 

In  the  mathematical  investigation  it  is  shown  that  according  to  the 
general  principles  of  the  dynamical  theory  of  heat  any  substance  may 
be  heated  30  degrees  above  the  atmospheric  temperature  by  means  of 
a  properly  contrived  machine  driven  by  an  agent  spending  not  more 
than  about  1/35  of  the  energy  of  the  heat  thus  communicated  and  that 
a  corresponding  machine  or  the  same  machine  worked  backward  may 
be  employed  to  produce  cooling  effects,  requiring  about  the  same  ex- 
penditure of  energy  in  working  it  to  cool  the  same  substance  through 
a  similar  range  of  temperature.  When  a  body  is  heated  by  such  means 
about  34/35  of  the  heat  is  drawn  from  surrounding  objects  and  1/35  is 
created  by  the  action  of  the  agent;  and  when  a  body  is  cooled  by  the 
corresponding  process  the  whole  heat  abstracted  from  it,  together  with 
a  quantity  created  by  the  agent,  equal  to  about  1/35  of  this  amount  is 
given  out  to  the  surrounding  objects. 

We  have  thus  introduced  refrigeration  as  well  as  heating  by 
electricity  as  agent.  In  editing  his  mathematical  and  physical 
papers,  Lord  Kelvin  added  the  following  interesting  note  under 
the  date  of  June  26,  1881 : 

♦  Proceedings  A.  1.  E.  E.,  July  1906,  p.  1197. 
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The  method  of  cooling  air  in  unlimited  quantities  described  in  this 
article  has  been  realized  by  Mr.  Coleman,  first  in  refrigerators  used  for 
the  distillation  of  paraffin  and  after  that  in  the  Bell-Coleman  refrigerator 
for  carrying  supplies  of  fresh  meat  from  North  America  to  Europe;  in 
a  great  refrigerator  recently  sent  out  for  the  Abattoir  at  Brisbane,  Queens- 
land. The  Bell-Coleman  machine  sends  large  quantities  of  air  cooled 
to  10®  or  20^  C.  below  the  freezing  point  into  the  chamber  to  be  kept 
cool;  and  the  general  temperature  of  this  chamber  is  thus  maintained  at 
the  desired  point. 

The  method  of  heating  air  described  in  the  article  remains  unrealized 
to  this  day.  When  Niagara  is  set  to  work  for  the  benefit  of  North  Amer- 
ica through  electric  conductors  it  will  no  doubt  be  largely  employed  for 
the  warming  of  houses  over  a  considerable  part  of  Canada  and  the  United 
States.  But  it  is  probable  that  it  will  also  have  applications,  though 
less  large  in  other  cold  countries  to  multiply  the  heat  of  coal  and  other 
fuels,  and  to  utilize  wind  and  water  j>ower  (with  aid  of  electric  accu- 
mulators) for  warming  houses. 

In  Anderson's  treatise  on  the  "  Conversion  of  Heat  into 
Work,"*  will  be  found  descriptions  of  compressed  air  refrigera- 
ting machines  made  on  the  principle  above  described,  and  in 
Professor  Peabody's  work  on  the  **  Thermod3aiamics  of  the 
Steam  Engine,"  pages  464  and  465,  will  be  found  tests  on  a 
Bell-Coleman  refrigerating  machine.  The  use  of  electric  motors 
in  refrigeration  has  been  \mder  consideration  of  central  station 
men  for  some  time,  being  advocated  by  well  known  engineering 
authorities;  but  so  far  as  the  writer  can  learn  nothing  whatever 
has  been  accomplished  in  the  use  of  motors  for  heating  purposes. 

I*ord  Kelvin's  deductions  on  using  electricity  as  agent  for 
warming  purposes  have  been  advisedly  introduced  into  this  dis- 
cussion. His  conclusions  may  prove  to  be  wrong  until  more 
perfect  thermal  insulation  is  developed,  but  to  anyone  familiar 
with  thermodynamics  and  electrical  development  the  possibility 
of  using  a  positive  force  to  control  and  direct  a  less  definite  form 
of  energy  must  appeal  with  singular  emphasis. 

It  may  be  that  the  electric  furnace  using  low-grade  carbon 
in  high-temperature  combustion  chambers  will  give  the  desired 
results.  Tests  indicate  that  the  only  obstacle  to  this  latter 
combination  is  in  making  the  apparatus  "  fool-proof."  The  need 
for  more  economical  use  of  fuels  and  the  fact  that  electricity 
by  resistance  heaters  is  an  ideal  high  temperature  component 
make  the  development  of  the  low- temperature  factor  imperative 
for  a  complete  combination. 

When  electricity  is  derived  from  water  power  we  might  ex- 

*  Third  edition,  pages  189  and  194. 
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pect  a  far  wider  availability  of  energy  from  heat  of  resistance 
for  applications  requiring  heat  in  large  volumes  than  when 
electricity  is  derived  from  steam  power.  Careful  deductions 
show  that  for  house  warming  the  cost  of  a  horse  power  year 
must  not  exceed  $6.00  in  order  to  compete  directly  with  high 
grade  coal  at  $5.00  per  ton. 

Statistics  compiled  by  Professor  Geo.  F.  Swain  show  that  the 
average  cost  of  the  mechanical  horse  power-year  from  water 
power  in  this  country  is  about  $10.00;  to  this  must  be  added 
electrical  generation  and  transmission  charges,  which  make  it 
seemingly  impossible  to  realize  a  figure  for  electrical  energy 
delivered  that  will  not  be  greater  than  the  cost  of  heat  directly 
from  fuel.  The  compensating  advantages  in  regulation  and 
control,  combined  with  the  improved  load-factor,  especially  in 
combination  with  thermal  storage  work,  warrants  the  extensive 
use  of  the  heat  of  resistance  for  house  warming  at  least  within 
restricted  areas.  In  the  case  of  hydraulic  plants  with  large  water 
falls,  where  the  capital  charges  are  relatively  low,  we  may  ex- 
pect many  extensive  applications  of  room  heating  on  a  success- 
ful basis. 

In  his  paper  on  "  The  Cost  of  Steam  Power  ".*  Mr.  C.  E. 
Emery  cites  the  case  of  Lawrence,  Mass.,  where  with  moderate 
fall  the  cost  of  a  horse  power-year  from  water  power  is  figured 
at  about  $25.00,  or  practically  the  same  cost  as  power  generated 
from  steam.  In  the  practical  treatment  of  this  question,  local 
conditions  will  control  the  breadth  of  applicability,  including 
in  these  local  conditions  cost  of  electric  power,  cost  of  coal 
delivered,  extremes  of  climate,  average  humidity,  etc. 

We  have  still,  another  source  of  electrical  energy  to  consider 
in  connection  with  low-temperature  diffused  heating,  in  which 
power  is  derived  from  gas,  oil,  and  air  engines.  In  a  lecture 
before  the  Royal  Institution  in  April,  1893,  on  the  **  Utilization 
of  Energy,"  Professor  Kennedy  places  the  theoretical  efficiency 
of  coal  gas  at  80%.  Of  this  a  gas  engine,  he  says,  utilizes  from 
22%  to  32%.  For  diffused  heating  it  is  apparently  more 
economical  to  distribute  the  gas  directly  than  to  attempt  to 
convert  its  energy  into  electricity.  Attention  is  further  called 
to  the  paper  by  Mr.  Williams  before  the  Society  of  Arts,  Boston, 
Mass.,  on  May  10,  1894,  in  which  comparative  costs  of  coal  and 
various  fuel  gases  are  given,  and  in  which  it  is  shown  that  the 
gas  equivalent  of  coal  may,  under  most  favorable  circum- 
stances, cost  eight  or  ten  times  as  much  as  coal. 

*  Transactions  A.  1.  E.  £.,  March  1^3. 


Digitized  by  VjOOQIC 


1592  HADAWAY:  ELECTRiC  HEATING  [Nov.  13 

The  consideration  of  the  relative  values  of  gas  and  elec- 
tricity for  heating  purposes  is  a  matter  that  can  only  be  in- 
adequately discussed  here,  for  the  problem  is  a  complicated  one 
and  demands  the  most  thorough  consideration.  We  must  not 
underrate  the  facility  with  which  gas  may  be  stored,  the  econ- 
omy of  rapid  and  continuous  generation,  and  available  heat 
from  combustion  and  discharge  of  by-products,  whereas  in 
electric  lighting  and  electric  heating  every  unit  of  light  and 
lieat  secured  represents  an  appreciable  loss  or  depreciation  of 
the  energy  converter. 

There  are  many  advantages  to  be  considered  on  the  other 
side  such  as  localization,  immersion  of  heater  in  working  cham- 
ber, as  in  ovens,  sad-irons,  and  water  heaters,  freedom  from 
bi-products,  etc.  In  electric  heating  and  cooking  for  domestic 
uses  the  real  difficulty  is  how  to  provide  a  hot-water  supply 
economically.  The  same  thing  is  true  in  the  use  of  gas,  though 
in  a  lesser  degree.  On  a  broad  scale  it  appears  easier  to  arrange 
for  this  on  a  multipotential  heat  supply  system  than  on  any 
system  using  gas. 

In  his  treatise  on  gas  engines,  Donkin  shows  examples  of 
these  engines  of  large  size  furnishing  power  at  rates  less  than 
can  be  obtained  from  other  prime  movers.  For  high-potential 
heat  distribution  from  isolated  plants  this  form  of  energy 
transmitter  is  generally  available;  but  it  may  be  seriously  ques- 
tioned whether  in  isolated  plants  for  domestic  use  the  hot 
water  supply  as  usually  provided  can  be  economically 
heated,  unless  of  course  the  combined  economies  permit  the  use 
of  individual  gas-heated  water  supplies. 

It  may  be  safely  concluded  from  the  foregoing  illustrations 
that  we  cannot  afford  to  use  electricit}'  for  general  diffused 
heating  purposes  on  a  large  scale.  It  is  proper  to  point  out, 
however,  that  practical  experience  shows  that  these  deductions 
may  lead  to  unsafe  conclusions.  There  arc  many  striking 
analogies  in  heating  development  to  the  working  out  of  the 
electric  motor. 

If  we  were  to  take  the  case  of  an  engine  in  a  factory  and 
substitute  for  it  an  electric  motor  we  would  not  expect,  with 
our  present  knowledge  of  this  subject,  to  effect  marked  econo- 
mies. We  know  that  we  depend  upon  the  elasticity  of  the  small 
motor  to  produce  results  and  that  the  combined  load  of  a 
number  of  individual  units  reduces  fixed  losses  and  increases 
output.      It  is  the  same  in  heating.     We  must  consider  the 
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individual  applications,  and  the  combined  results  of  these  will 
be  far  diffeivjnt  from  any  considerations  controlling  a  fixed  sys- 
tem. One  of  the  reasons  contributing  to  the  slow  growth  of 
electric  heating  development  is  the  necessity  in  many  cases  of 
devising  apparatus  to  do  work  more  effectively  than  could  be 
done  by  the  old  methods. 

On  the  other  hand,  the  collective  strength  of  these  new 
methods  has  given  the  work  a  standing,  in  the  industrial  lines 
particulariy,  which  constitutes  an  advance  in  heating  develop- 
ment. It  has  further  been  shown  that  results  may  be  obtained 
which  make  the  cost  of  operation  of  secondary  importance 
than  if  considered  solely  on  basis  of  thermal  values. 

The  British  thermal  unit  is  the  equivalent  of  778  foot-pounds 
of  work,  and  we  would  obtain  as  much  heat  by  applying  a 
brake  directly  to  the  fly-wheel  of  the  engine  or  prime  movei 
as  we  obtain  from  the  heat  of  electrical  resistance,  which  so  far 
as  its  results  go  may  be  considered  as  friction.  If  we  use  as  an 
average  thermal  value  of  a  pound  of  coal  14,500  B.t.u.,  we  can 
secure  9400  units  in  a  good  steam  boiler,  or  practically  65%. 

There  are  many  cases  in  practice  in  which  this  efficiency  is 
exceeded,  but  Thurston's  figures  give  65%  ab  a  fair  average  value. 
The  fuel  efficiency  of  the  steam  engine  rarely  exceeds  10%,  and 
the  heat  incapable  of  conversion  into  high-potential  energy 
represents  about  nine-tenths  of  the  whole,  notwithstanding  the 
fact  that  over  six-tenths  of  the  thermal  energy  of  the  coal  are 
obtained  in  useful  work  in  the  boiler. 

It  is  therefore  to  this  point  we  should  look  for  our  large 
volume  heat  supply,  and  we  find  in  actual  practice  many  illus- 
trations which  show  that  no  great  engineering  difficulties  are 
encountered  in  distributing  the  boiler  energy  and  also  that  of 
the  exhaust  steam  from  the  engine  for  useful  work  at  a  distance. 
The  New  York  steam  company's  plants  already  referred  to  are 
distributing  energy  by  live  steam  for  heating  and  power  pur- 
poses at  about  80  lb.  pressure.  The  leakage  and  radiation 
losses  are  stated  to  be  estimated  at  about  15%,  yet  with  this 
loss  the  heat  energy  can  be  delivered  on  a  successful  and  eco- 
nomical basis. 

The  work  of  Birdsill  Holly  since  1877  in  carrying  out  central 
station  heat  supply  is  too  well  known  to  require  explanation. 
It  is  important  and  interesting  in  connection  with  our  problem 
since  it  shows  that  central  station  diffused  heat  supply  is  en- 
tirely feasible.     We  are  now  able  to  formulate  a  multipotential 
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heat  supply  system  in  which  the  steam,  either  live  or  exhaust, 
or  both,  is  used  for  low-temperature  work,  and  electricity  from 
generators  in  the  same  station  is  employed  for  all  work  requiring 
temperatures  in  excess  of  that  of  the  steam;  that  is,  from  about 
250®  fahr.  upward.  In  domestic  work  the  steam  heat  would  be 
employed  for  house  heating  and  water  heating  for  bathing, 
laundry,  and  cooking  purposes.  Electric  heat  would  be  used 
for  lamps,  ovens,  broilers,  small  stoves,  sad-irons  and  all  pur- 
poses requiring  a  high  temperature  localized  heat.  And  a  fea- 
ture of  such  a  combination  not  to  be  overlooked  is  the  facility 
witli  which  ventilation  and  heat  regulation  can  be  secured,  since 
all  the  elements  are  at  command  to  force  an  abimdant  supply 
of  heated  pure  air  through  the  building  to  be  warmed.  There 
are  no  new  or  imtried  features  in  such  a  combination;  prac- 
-tically  all  of  the  elements  necessary  for  the  work  are  already 
employed  though  in  a  somewhat  disjointed  form  so  far  as  com- 
plete flexibility  of  heat  supply  from  one  center  of  distribution 
is  concerned.  If  we  refer  to  the  Electrical  Engineer  for  April 
5,  1893,  there  will  be  foxmd  a  description  of  the  Springfield 
(111.)  electric  light  and  steam  distribution  plant.  In  operating 
this  plant  the  exhaust  steam  is  used  for  warming  buildings, 
but  there  appeared  to  be  no  systematic  effort  made  to  carry  out 
a  multipotential  heat  supply. 

As  bearing  upon  the  historical  development  of  this  matter 
the  author  quotes  from  a  letter  from  the  American  District 
Steam  Co.,  of  Lockport,  N.  Y.,  in  1894: 

We  observe  that  you  recognize  the  futility  of  electricity  competing 
with  steam  for  difiused  heating,  but  there  is  a  wide  field  for  electrical 
companies  in  connection  with  their  exhaust.  In  blocks  of  buildings 
where  power  is  required  to  run  elevators,  or  for  other  purposes,  the 
proprietors  will  run  their  own  power  if  they  have  to  do  their  own  heat- 
ing, but  if  the  electric  company  can  heat  the  building  it  can  get  the  power 
at  a  good  profit  and  there  is  a  profit  in  both  heating  and  power. 

We  have  just  constructed  a  heating  plant  for  the  Rochester  (N.  Y.) 
Gas  &  Electric  Co.,  who  are  doing  just  this  thing;  they  start  ofi  with 
5,000,000  cu.  ft.  of  space  to  heat  in  manufacturing  and  business  blocks, 
and  secure  the  running  of  several  engines  in  the  same  buildings.  They 
supply  the  steam  from  their  stations  in  underground  pipe  and  power 
by  wire.  They  could  not  get  the  power  without  doing  the  heating. 
We  think  you  wiU  find  this  a  fertile  field  for  investigation. 

Citations  of  events  in  1893  and  1894  are  made  advisedly  as 
having  a  bearing  on  the  development  of  the  art.  It  was  found 
that  while  a  business  could  be  built  up  along  these  lines  that 
there  was  a  great  deal  to  do  in  developing  heating  appliances 
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to  make  them  sturdy  and  effective,  and  that  it  would  be  neces- 
sary to  choose  the  industrial  isolated  plant  as  a  more  immediate 
field  for  both  heat  engineering  and  appliance  development. 

Careful  study  of  the  question  of  multipotential  heat  supply, 
from  both  engineering  and  business  standpoints,  can  hardly 
fail  to  give  the  utmost  confidence  that  results  of  the  greatest 
value  can  be  obtained  along  this  line.  A  total  fuel  efficiency 
exceeding  35%  for  both  low-  and  high-temperature  heating  is 
certainly  attainable,  and  probably  a  still  higher  efficiency  may 
be  secured  from  operations  on  a  large  scale.  It  is  in  this  direc- 
tion that  we  must  look  for  the  best  immediate  results  of  electric 
heating  in  domestic  life.  Electrical  engineers  realize  that  the 
ordinary  light  and  power  station  is  wasteful  as  a  heat  generator 
and  distributor,  and  one  of  the  ways  to  improve  these  condi- 
tions is  to  introduce  a  basis  of  supply  in  which  the  load-factor 
is  a  larger  percentage  of  the  station  capacity  and  in  which 
low- temperature  steam  distribution  may  also  be  utilized.  This 
study  deserves  the  greatest  possible  care  and  while  data  are  occa- 
sionally available  there  is  still  much  to  be  learned. 

In  the  modem  apartment  house  we  find  it  possible  to  effect 
a  comparatively  high  distributive  heat  efficiency.  The  rooms 
are  heated  by  low-pressure  steam  or  hot-water  radiation  and  the 
hot  water  for  laundry,  bath-room,  and  cooking  purposes  is  also 
supplied. 

Electric  lighting  is  available,  but  low  heat  efficiency  is  foimd 
in  cooking  except  in  cases  where  gas  is  available.  No  one  can 
question  the  value  of  gas  as  a  fuel  in  cooking;  we  may  however 
take  the  ground  that  when  a  boiler  plant  is  required  for  room 
and  water  heating,  and  the  electric  plant  for  lighting,  the  use 
of  gas  in  cooking  is  imnecessary  and  comparatively  expensive, 
for  it  is  a  form  of  heat  supply  not  as  effectively  localized  as 
electricity  and  is  accompanied  by  many  disagreeable  features. 

In  these  houses  electricity  is  already  in  use  instead  of  alcohol  - 
for  heating  conveniences,  also  for  heating  sad-irons  for  laundry 
work  and  pressing ;  and  it  appears  to  be  a  question  of  time  only 
when  electric  ovens  and  other  cooking  utensils  will  replace  the 
range  or  the  gas  stove  on  a  considerable  scale.  The  apartment 
house  supplied  with  its  own  boiler  and  electric  lighting  plant, 
approaches  more  closely  the  proper  conditions  for  electric 
heating  than  any  other  mode  of  domestic  life,  as  all  the  con- 
ditions essential  to  economical  working  are  already  present. 

The  foregoing  deductions  have  been  introduced  to  indicate 
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broadly  wherein  the  true  economical  basis  of  electric  heating 
lies.  Like  all  general  considerations  they  are  qualitative 
rather  than  quantitative  in  character.  We  find  in  industrial 
and  commercial  practice  a  great  number  of  heat  applications, 
either  at  high  or  moderate  temperatures,  in  which  close  regula- 
tion and  facility  of  control  are  necessary  and  where  electric 
heating  on  some  scale  is  applicable. 

The  introduction  of  electric  lights  and  motors  has  brought 
into  use  in  central  stations  and  isolated  plants  a  vast  amount 
of  electrical  generating  apparatus,  so  that  at  the  outset  our 
problem  is  largely  one  of  applying  electric  heating  apparatus  on 
circuits  already  established,  primarily  for  other  purposes. 
On  these  circuits  we  are  usually  able  to  supply  apparatus  to  do 
the  work  required  better  than  it  is  at  present  accomplished. 
First  cost  and  coot  of  operation  are  n6t  the  sole  considerations 
in  any  apparatus;  in  addition  to  the  cost,  the  collateral  advan- 
tages derived  from  its  use  must  be  considered. 

In  domestic  work  there  have  been  large  numbers  of  household 
conveniences  sold,  notably  electric  sad-irons.  Perhaps  novelty 
was  in  many  cases  the  reason  for  first  purchase  and  use,  but 
once  used  the  value  of  the  method  of  heating  is  well  appreciated 
and  extensions  are  made  to  more  and  different  work.  In  this 
slow  and  conservative  way  electric  heating  in  households  is 
progressing,  and  there  are  indications  of  a  more  rapid  general 
reception  and  use. 

There  are  some  installations  in  which  all  or  nearly  all  the 
cooking  is  done  by  electricity.  These  are  generally  successful 
and  economical,  according  to  the  degree  to  which  extensive 
water  heating  is  eliminated.  Laundry  and  pressing  irons  arc 
found  almost  uniformly  satisfactory.  Some  of  the  devices  used 
in  the  dining-room  are  counted  great  conveniences  when  elec- 
trically heated.  When  it  comes  to  the  kitchen  the  same  feeling 
of  cleanliness  and  refinement  of  methods  as  for  the  dining  room 
is  expressed  and  hoped  for,  but  the  housewife  is  not  so  inti- 
mately in  contact  with  the  apparatus  and  ignorant  manipula- 
tion is  encountered,  which,  however,  generally  does  no  other 
harm  than  to  add  to  the  expense  of  rtmning.  But  fortunately 
the  manipulation  and  control  of  the  devices  is  so  simple  and 
saves  the  servant  so  much  work  that  an  honest  effort  is  usually 
evidenced  to  use  it  economically. 

In  industrial  work  the  progress  of  electric  heating  has  been 
more  rapid  than  in  domestic  applications,  with  the  exception 
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of  the  electric  sad-iron.  There  are  cases  where  heating  by 
electricity  is  found  cheaper  than  by  fuels,  setting  aside  all 
collateral  advantages.  In  electric  cars  the  more  equable  dis- 
tribution of  heat ;  on  a  satisfactory  basis  of  effective  warming 
is  sufficient  to  employ  the  method  and  apparatus  even  at  con- 
siderably greater  cost  than  former  methods  of  heating. 

We  have  before  us  for  the  future  two  methods  for  the  dis- 
tribution of  heat;  the  first,  a  multipotential  heat  system  in 
which  steam  and  electricity  simultaneously  are  the  means  of 
transmission;  secondly,  a  constant-potential  heat  system  in 
which  electricity  is  employed  as  an  agent  for  diffused  heat  work 
in  large  volume,  and  the  heat  of  resistance,  either  directly 
or  with  the  additional  heat  of  combustion  of  carbon,  is  used 
for  high  temperature  purposes.  The  first  is  a  combination  of 
well  known  engineering  practices  and  represents  elements  in 
successful  use  at  the  present  time. 

The  second  method  is  more  difficult,  as  it  includes  new  meth- 
ods of  applications  and  imtried  apparatus.  For  the  present  we 
have  to  approximate  the  probable  final  conditions  by  using 
materials  at  hand  so  far  as  they  will  go  with  reasonable  economy, 
using  every  energy  to  broaden  the  general  conception  of  the 
help  and  convenience  arising  from  central  station  heat  supply. 

It  has  been  thus  far  assumed  that  the  development  of  elec- 
tric heating  depends  solely  upon  engineering  conditions  without 
reference  to  the  state  of  the  art  of  the  appliances  themselves. 
Unfortunately  the  lack  of  sturdy  resistances  of  high  rates  of 
heat  impartivity  has  materially  retarded  commercial  progress. 
Factors  of  safety  have  been  too  low  and  rates  of  working  too 
slow.  We  are  still  without  a  satisfactory  heat  insulation  and  in 
practically  the  same  position  as  the  electrical  industries  prior  to 
the  use  of  mica. 

A  circular  gas  burner  will  impart  heat  at  a  rate  equivalent 
to  35  watts  per  superficial  sq.  in.  Electric  stoves  made  for  110 
volts  will  work  about  one-third  this  rate.  This  is  a  serious 
hindrance  to  electric  cooking  and  high  temperature  applications. 
Far  better  apparatus  could  be  made  for  lower  voltages,  and  in  this 
respect  the  state  of  the  art  closely  resembles  the  situation  of 
tungsten  and  tantalum  lamps  which  are  simply  high  temperature 
heating  applications. 

Since  Dr.  Lindeek's  paper  on  "  Material  for  Wire  Standards 
of  Electrical  Resistance  '*  was  presented  before  the  International 
Electrical  Congress  in  Chicago  in  1893,  the  only  alloy  that  has 
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been  offered  for  resistance  purposes  is  the  nickel-chromium 
product;  that  is,  in  fifteen  years,  notwithstanding  the  marked 
development  in  electrical  furnace  work,  there  appears  to  have 
been  but  one  new  alloy  brought  out  in  commercial  form. 

Attention  is  called  to  these  points  to  emphasize  the  need  of 
further  research  work  in  materials  and  processes  for  good  com- 
mercial work.  The  heaters  on  the  market  to-day  are  greatly 
improved  over  the  product  of  fifteen  years  ago  but  there  are 
still  wide  gaps  to  be  filled.  Localization  of  heat  at  high  tem- 
peratures with  negligible  heat  capacity  are  the  prime  requisites 
of  an  electric  heater.  Without  adequate  heat  insulation,  with 
resistance  material  of  comparatively  low  specific  resistance  and 
high  voltages  in  commercial  practice  the  average  design  is  far 
removed  from  the  ideal. 
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Discussion  on  "  Electric  Heating."   New  York,  November 

13,  1908 

Charles  E.  WaddeU  (by  letter):  Dividing  heat  applications 
into  low-potential  quantity  and  high-potential  intensity  types 
is  a  very  expressive  way  of  classifying  two  general  conditions. 
In  high-potential  heating  problems  it  has  been  demonstrated 
that  the  cost  of  electrical  energy  has  little  or  no  bearing  on 
economy.  Other  factors  enter  that  more  than  compensate  for 
any  discrepancy  in  calorific  value  between  electricity  and 
fuels;  for  example,  electric  glue  cookers,  laundry  irons,  and 
apparatus  in  printing  and  embossing  plants.  The  field  for 
this  type  of  heating  apparatus  is  decidedly  small  as  com- 
pared with  the  field  for  low-potential  applications;  and  it 
is  this  latter  class  that  presents  diverse  conditions  and  offers 
fascinating  opportunities  for  specific  solution.  Elusive  in  its 
nature,  difficult  to  measure,  and  next  to  impossible  to  insulate, 
heat  is  in  many  respects  a  more  subtle  and  difficult  form  of 
energy  to  control  than  is, electricity.  When  comparing  electric 
heating  with  fuels  in  the  realm  of  domestic  heating,  the  fact 
must  never  be  lost  sight  of  that  by  means  of  electrical  measuring 
instruments  the  quantity  of  heat  delivered  by  the  electrical 
apparatus  can  be  accurately  determined;  whereas  in  the  case 
of  fuel  apparatus,  while  the  calorific  value  of  the  fuel  itself  may 
be  known,  the  efficiency  of  such  apparatus  is  so  variable  and 
uncertain  that  its  economy  is  largely  a  matter  of  conjecture. 

It  is  doubtless  true  that  the  steam  power  plant,  by  reason  of 
its  low  efficiency,  is  forever  debarred  from  furnishing  electric 
heat  in  competition  with  fuels.  In  the  case  of  a  thickly  settled 
district,  the  use  of  exhaust  steam  for  heating  has  been  demon- 
strated as  profitable  and  desirable;  and,  as  Mr.  Hadaway  sug- 
gests, conditions  may  be  such  that  it  might  be  profitable  to 
generate  electricity  for  high-potential  applications  and  use  the 
exhaust  steam  for  quantity  work.  It  would  appear  that  the 
scope  of  such  a  plant  might  be  widened  by  applying  the  electric 
heat  in  districts  too  remote  from  the  generating  station  to 
justify  the  installation  of  underground  steam  mains. 

While  the  thermal  value  of  a  kilowatt-hour  is  very  low  (3412 
B.t.u.)  and  electricity  as  a  heating  agent  suffers  by  comparison 
with  fuels,  nevertheless  it  will  not  do  to  dismiss  the  whole 
subject  as  one  unworthy  of  serious  consideration.  It  must  be  re- 
membered that  the  world's  coal  fields  are  being  rapidly  de- 
pleted, that  natural  gas  areas  are  limited,  and  that  wood  as  a 
fuel  has  even  now  virtually  disappeared.  Sooner  or  later  elec- 
tricity must  necessarily  become  a  factor  in  the  field  of  heating. 
Where  electricity  generated  from  water  power  is  obtainable, 
and  where  storage  of  the  water  through  the  night  hours  is  im- 
practicable, electrical  energy  for  heating  can  be  obtained  at 
figures  closely  competitive  with  fuels.  The  problem  in  such 
cases  becomes  one  of  storing  the  energy  of  the  water  power 
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in  the  form  of  heat,  which  brings  up  the  all-important  feature 
of  heat  insulation.  Supplying  electricity  for  heat  as  a  by-pro- 
duct, with  a  view  to  maintaining  a  high  load-factor  on  a  plant, 
either  steam  or  water,  is  a  subject  that  will  bear  careful  investi- 
gation in  the  majority  of  small  steam  and  all  hydroelectric  plants. 

In  discussing  boiler  efficiencies,  two  factors  are  involved; 
first,  the  evaporative  efficiency  of  the  boiler;  secondly,  the  all- 
day,  all-season  efficiency.  Assuming  a  pound  of  coal  has  a 
calorific  value  of  14,000  B.t.u.  and  that  imder  favorable  condi- 
tions a  given  boiler  plant  can  deliver  70  per  cent  to  80  per  cent 
of  this  amount,  the  same  plant  in  every  day  service  seldom  ap- 
proximates 50  per  cent  of  the  calorific  value  of  the  fuel.  As  an 
instance  of  this,  reference  is  made  to  the  published  data  of  a 
number  of  plants  furnishing  exhaust-steam  heating  where  the 
annual  average  number  of  pounds  of  water  evaporated  per 
pound  of  coal  is  but  seven  and  a  fraction.  These  data  are  not 
specific  as  to  whether  they  mean  the  evaporation  is  from  and 
at  212^  fahr.;  and  since  vague  in  this  particular  assume  the  heat 
units  per  pound  of  water  to  be  1000,  the  delivered  efficiency  of 
the  fuel  is  then  seen  to  be  but  7()00  B.t.u.  Here  are  cases 
where  ostensibly  the  most  expert  supervision  and  attendance 
is  provided;  where  the  system  is  in  a  measure  automatic;  where 
the  connected  load  in  radiation  is  many  times  the  capacity  of 
the  plant,  hence  a  presumably  high  load-factor;  and,  finally, 
the  demands  are  diverse,  all  tending  to  uniformity  in  load  and 
consequent  economy  in  fuel.  If  seven  pounds  of  water  is  the 
best  average  result  of  large  systems,  the  probable  performance 
of  the  heating  apparatus  in  an  ordinary  residence  or  apartment 
house  is  doubtless  at  an  efficiency  that  is  but  a  small  fraction  of 
the  theoretical  calorific  value  of  the  fuel. 

Another  point  which  I  have  had  impressed  upon  me  is  that 
not  only  the  quantity  but  the  intensity  of  heat  in  domestic 
applications  is  essential  to  success.  Formerly  I  attributed  the 
asserted  inferiority  of  the  large,  low-temperature  electric  radi- 
ator as  compared  with  a  small  open  fire  to  the  idiosyncrasy  or 
psychical  peculiarity  of  the  individual  rather  than  to  any 
physical  difference.  More  recently  I  have  revised  my  views, 
and  I  have  found  that  in  many  instances  a  smaller  quantity 
of  heat,  with  which  was  blended  an  even  smallet  quantity  of 
high  temperature  radiation,  is  extremely  grateful.  If  electric 
heating  is  to  be  introduced  upon  a  large  scale  into  house  warm- 
ing, it  will  be  necessary  to  accord  the  art  of  heating  and  ven- 
tilating more  scientific  attention  than  is  now  usually  bestowed 
upon  this  class  of  work.  Unquestionably,  of  the  quantity  of 
heat  annually  radiated  in  domestic  installations  the  greater 
portion  is  wasted.  Since  the  thermal  value  of  a  kilowatt-hour 
is  fixed  and  not  possible  to  increase,  the  general  installation  of 
this  method  of  heating  will  be  accompanied  by  economies  in 
application. 

The  power  engineer  bums  a  pound  of  coal  in  a  manner  that 
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will  extract  the  greatest  number  of  heat  units  in  the  shortest 
possible  time.  The  heating  engineer,  while  desiring  the  max- 
imum number  of  heat  units,  endeavors  to  prolong  the  time 
as  much  as  possible.  As  electrical  heating  apparatus  is  capable 
of  delivering  a  uniform  heat  through  any  duration  of  time  and 
at  a  maximum  efficiency,  it  possesses  an  advantage  that  makes 
for  economy. 

The  argument  that  heat  obtained  from  electricity  equivalent 
to  that  obtained  from  fuels  is  so  high  in  cost  as  to  be  practically 
debarred  from  general  use  is  scarcely  logical  in  view  of  modem 
experience.  The  incandescent  light,  for  instance,  though  more 
costly  than  either  candles  or  kerosene  lamps,  has  in  a. large 
measure  supplanted  both. 

Finally,  there  is  one  other  class  of  quantity  work  to  which 
attention  has  not  been  directed  and  on  which  some  remarks  may 
be  pertinent.  In  drying  materials  on  a  large  scale — lumber, 
cotton  yam,  etc.,  the  heat  that  is  supplied  is  merely  a  means 
artificially  to  accelerate  a  natural  process.  With  a  moderate 
amount  of  heat  applied  where  needed  and  a  skilful  use  of  air 
currents,  an  apparatus  more  efficient  than  ponderous  steam 
apparatus  appears  possible. 

W.  N.  Ryerson  (by  letter) :  Mr.  Hadaway  has  pointed  out  the 
limitations  in  the  use  of  electricity  for  maintaining  an  equable 
temperature  in  buildings  during  the  season  of  cold  weather,  and 
at  the  present  time  his  remarks  are  undoubtedly  to  the  point. 
There  are  instances,  however,  in  which  comparison  between  the 
use  of  electricity  and  other  heating  agents  on  the  basis  of  cost 
leads  to  erroneous  conclusions.  An  instance  in  point  is  the  office 
building  of  the  Ontario  Power  Company  at  Niagara  Falls  which 
was  equipped,  under  the  plans  of  the  architects,  with  a  low- 
pressure  steam-heating  system,  having  an  auxiliary  hot-air 
system  with  forced  draught;  the  idea  being  to  maintain  a  pres- 
sure in  all  of  the  outside  rooms  sufficient  to  prevent  cold  air 
coming  through  the  cracks  in  the  window  frames,  etc.  The  air 
in  this  auxiliary  system  was  intended  to  be  heated  by  a  steam 
coil  in  the  discharge  of  the  circulating  fan.  Before  this  sytem 
was  put  in  use,  the  writer  designed  an  electric  heater  to  take 
the  place  of  the  steam  coils,  and  after  having  been  in  use  for 
the  last  two  winters  it  has  been  found  that  the  low-pressure 
steam  system  is  entirely  unnecessary,  a  comfortable  temperature 
being  maintained  in  the  coldest  weather  by  the  electrically  heated 
hot  air.  It  is  true  that  the  steam-heating  system  in  this  building 
is  a  part  of  a  much  more  extensive  one  installed  throughout 
the  transformer  building,  of  which  the  office  forms  an  L,  but  it 
is  not  necessary  to  maintain  a  high  temperature  throughout 
the  remainder  of  the  building,  with  the  exception  of  the  switch- 
board room,  which  is  heated  by  direct  electric  radiators.  Dur- 
ing the  last  winter  it  was  found  that  the  use  of  the  boiler  was 
only  necessary  for  25  days,  and  that  during  the  remainder  of 
the  time  the  electric  heaters  in  the  office  building  and  switch- 
board room  were  sufficient  for  all  purposes. 


Digitized  by  VjOOQIC 


1602  ELECTRIC  HEAtWG  [Nov.  l3 

The  cost  of  this  heater  was  $388.00  and  it  consumes  85  kw. 
(including  power  necessary  for  fan  motor).  In  a  plant  of  this 
size  the  cost  of  this  amount  of  energy  is  negligible,  whereas  the 
natural  gas  and  wages  of  boiler  attendants  form  very  real  quan- 
tities. This  heater  supplies  72,000  cu.  ft.  of  air  space  in  a 
building  exposed  on  three  sides. 

For  the  present  and  until  some  material  capable  of  delivering 
heat  at  a  higher  rate  than  any  resistive  metal  now  known  is 
found,  the  principal  application  of  electricity  will  be  in  articles 
where  the  heating  must  be  closely  confined.  The  superiority  of 
these  articles  is  well  recognized. 

W.  S.  Andrews:  It  was  my  privilege  to  be  associated  with 
Mr.  Edison  while  he  was  developing  his  low-tension,  multiple- 
arc  system  of  electrical  distribution  in  the  early  80's  of  the  last 
century.  I  remetnber  a  statement  that  he  made  in  1881,  to  the 
effect  that  he  expected  to  utilize  the  general  distribution  of  low- 
potential  electrical  energy  not  only  for  public  and  private 
lighting  purposes,  but  also  for  operating  electric  motors  to 
drive  the  machinery  in  mills  and  factories,  and  for  electric 
traction;  furthermore,  he  confidently  expected  to  make  elec- 
tricity generally  serviceable  for  the  cooking  of  food,  and,  to  a 
limited  extent,  for  the  warming  of  dwellings. 

We  all  know  that  Mr.  Edison's  prediction  in  regard  to  the 
use  of  electricity  for  lighting  purposes  was  very  quickly  realized, 
and  also  that  not  many  years  thereafter  the  electric  motor  was 
developed  to  a  considerable  degree  of  perfection,  and  largely 
used.  Heating  and  cooking  by  electricity,  however,  have  failed 
to  show  a  similar  advancement,  and  a  brief  discussion  regarding 
the  probable  causes  of  this  delayed  development  may  therefore 
be  timely  and  profitable  with  the  view  of  bettering  existing 
conditions. 

Let  us  consider  the  use  of  electricity  for  performing  ordinary 
cooking  operations.  As  Mr.  Hadaway  says,  the  real  difficulty  con- 
sists in  providing  a  hot- water  supply  economically.  At  the  price  of 
5  cents  per  kilowatt-hour,  the  cost  of  heating  a  gallon  of  water 
from  faucet  temperature  to  boiling  at  an  efficiency  of  say  80 
per  cent  is  a  little  more  than  two  cents,  which  to  many  people 
would  be  a  prohibitive  price,  especially  as  the  same  results  can 
be  accomplished  with  gas  for  very  much  less.  Apart  from  the 
question  of  water  heating,  however,  the  operations  of  baking, 
broiling,  frying,  toasting,  etc.,  by  electricity  can  be  accomplished 
at  a  reasonable  expense,  when  electricity  is  sold  at  the  rate  of 
5  cents  per  kilowatt-hour,  according  to  my  own  personal 
experience,  taking  into  due  consideration,  as  Mr  Hada^'ay. 
points  out,  the  collateral  advantage  of  being  able  to  raise  utensils 
to  a  high  temperature  with  localized  heat,  thus  keeping  the 
kitchen  much  cooler  in  hot  weather  than  is  possible  when  using 
a  coal  or  gas  range.  For  several  years  past  I  have  used  elec- 
tricity for  cooking  purposes  in  my  home  during  the  summer 
months.  Water  only  was  heated  by  a  gas  arrangement  attached 
to  the  kitchen  boiler,  but  all  other  heating  and  cooking  was 
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done  by  electricity  at  an  average  cost  of  $4.50  per  month.  I 
estimate  that  the  average  cost  of  heating  water  by  gas  amounted 
to  about  $1.50  per  month,  making  an  average  total  expense 
of  $6.00  per  month  for  cooking  three  meals  per  day  for  a  family 
of  four.  This  outlay  also  included  the  heating  of  water  for 
laundry  work  and  the  use  of  an  electric  iron,  so  I  do  not  think 
it  can  be  considered  as  extravagant.  My  experience  shows 
that  an  ordinary  breakfast,  including  cereal,  coffee,  toast,  and 
broiled  meat,  sufficient  for  two  or  three  people  can  be  cooked  by 
electricity  with  an  expenditure  of  about  one  kilowatt-hour,  tlje 
various  devices  averaging  as  follows,  on  a  liberal  basis : 

Cereal  cooker         600  watts  for  20  min.  =  12,000  watt-minutes. 

Coffee  percolator  600      "       "    20     "  =  12,000  ** 

Bread  toaster        600      "       "    10     "  =     6,000 

Meat  broiler         1500      "       "20     «  =30,000 


60,000 
Or  one  kilowatt-hour  at  a  cost  of  5  cents. 

These  instances  show  that  good  service  can  be  rendered  at  a 
reasonable  expense  by  existing  devices,  but  I  quite  agree  with 
Mr.  Hadaway  in  his  statement  that  we  are  still  far  removed 
from  ideal  conditions. 

In  a  recent  lecture  on  this  subject  Dr.  Steinmetz  went  to 
the  root  of  the  whole  matter,  in  discussing  the  possibilities  of 
greatly  reducing  the  cost  of  electricity  by  improving  the  station 
load-factor,  aiming  to  get  a  steady  and  uniform  load  throughout 
the  24  hours  of  the  day,  when  he  said : 

When  we  have  accomplished  that,  electric  power  will  be  much  cheaper 
than  anything  else  and  then  the  end  will  come  for  gas  and  kerosene. 
And  that  time  ivill  come  some  time  and  we  will  probably  see  it. 

Mr.  Hadaway  cites  some  favorable  cases,  such  as  first-class 
apartment  houses  in  large  cities,  where  steam  heat,  hot  water, 
and  electricity  are  supplied  to  tenants,  and  where,  therefore, 
electric  cooking  may  be  performed  economically  provided  only . 
that  the  price  of  electricity  is  reasonable.  It  is  nevertheless 
generally  true  that  the  cost  of  heating  water  by  electricity  for 
domestic  purposes,  at  ordinary  rates  for  current,  presents  an 
almost  insuperable  obstacle  to  its  common  use,  excepting  in  a 
small  way,  such  as  for  hot-water  urns,  coffee  percolators,  and 
similar  table  devices. 

I  believe  with  Mr.  Hadaway  that  the  field  of  industrial  appli- 
cation will  eventually  be  found  equally  if  not  more  extensive 
and  profitable  than  the  domestic  side.  There  are  thousands  of 
operations  where  heat  is  now  applied  to  various  parts  of  ma- 
chines in  a  cumbersome  and  unhandy  way  by  steam  and  gas 
where  electric  heat  would  be  not  only  more  cleanly  and  hygenic, 
but  also  more  economical  in  the  long  run,  on  account  of  the 
especially  favorable  feature  of  being  able  to  localize  the  heat 
where  it  is  required,  and  other  considerations  covered  by  a 
variety  of  special  conditions. 
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In  regard  to  the  heating  of  air  in  buildings,  Mr.  Hadaway 
has  shown  in  a  general  way  that  the  present  cost  of  electricity 
when  supplied  from  large  generating  stations  makes  extended 
applications  prohibitively  expensive.  In  a  few  special  and  iso- 
lated places  it  is  applicable  also  for  emergency  cases  where 
a  maintenance  or  rise  of  temperature  may  be  the  means  of 
saving  valuable  property,  as  in  conservatories  and  greenhouses, 
where  the  value  of  these  appliances  is  very  evident. 

H.  P.  Ball:  The  feature  of  the  electric  heating  subject  in 
which  I  am  most  interested  is  the  design  of  the  apparatus. 
Mr.  Hadaway  gives  some  comparative  figures,  stating  that  a 
circular  gas  burner  will  impart  heat  at  a  rate  equivalent  to 
35  watts  per  superficial  square  inch,  and  electric  heaters  about 
one  third  of  this  amount,  or  about  12  watts  to  the  square  inch. 
He  .does  not  say  how  this  gas  burner  was  measured,  but  it  might 
have  been  an  annular  surface,  the  surface  of  the  flame,  or  the 
area  of  a  circular  disc;  in  any  event,  my  experience  would 
indicate  that  this  rate  can  be  exceeded.  It  is  perfectly  feasible 
by  using  modem  materials,  such  as  the  new  nickel-chromium 
metal  and  infusible  insulating  materials,  to  operate  with  watts 
running  up  as  high  as  20  on  open  stoves,  and  as  high  as  25  or 
even  30  on  stoves  which  are  used  in  connection  with  percolators 
or  water  heaters. 

It  appears  that  high  temperature  is  the  immediate  field  for 
electric  heating  devices,  with  the  wide  distribution  of  heat  as 
something  for  the  future,  perhaps,  but  to-day  the  business  to  be 
had  is  in  sad-irons  and  other  devices  where  the  heat  is  concen- 
trated in  small  areas. 

I  call  attention,  therefore,  to  the  absolute  necessity  of  getting 
away  from  easily  fusible  materials,  and  adhering  to  the  use  of 
very  high  melting  resistances,  mica  as  the  insulator,  on  account 
of  its  extreme  thinness  and  high  ground  test,  standing  from 
1000  to  1500  volts  per  mil  of  thickness,  and  metals,  such  as 
aluminum-bronze,  which  will  not  readily  oxidize  in  the  air  at 
high  temperatures. 

As  to  the  problem  of  heating  rooms,  the  ideal  arrangement 
would  be  the  use  of  an  exposed  resistance  conductor  in  the  form 
of  a  thin  but  wide  band,  so  as  to  have  a  maximum  radiating 
surface,  causing  the  conductor  to  operate  at  the  lowest  tem- 
perature; for  it  is  a  well  known  fact  that  if  a  conductor  is  sur- 
rounded with  insulating  material  the  conductor  will  run  at  a 
higher  temperature  for  the  same  dissipation  than  if  it  were  ex- 
posed in  the  open  air. 

In  a  sad-iron  or  water  heater  it  is  necessary  to  enclose  the 
resistance,  and  in  doing  this  it  must  be  supplied  with  a  maximum 
surface  by  using  flat  ribbon  resistances.  A  material  with  a 
minimum  thickness  must  also  be  used,  such  as  mica,  in  order 
to  get  the  heat  out  of  the  conductor  into  the  thing  we  are  try- 
ing to  heat  with  the  least  possible  thermal  drop. 

In  a  sad-iron  the  unit  can  be  run  at  a  very  high  current 
density  on  account  of  the  specific  capacity  for  heat  of  the  sur- 
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rounding  iron;  but  in  the  water  heater  it  must  be  restricted  to 
lower  densities,  and  care  must  be  exercised  to  see  that  the  sur- 
rounding material  is  of  a  minimum  thickness,  in  order  that  the 
electrical  energy  and  time  taken  in  raising  the  temperature  of 
the  device  to  its  working  temperature  may  be  the  least  possible* 

Max  Loewenthal:  The  author  discusses  the  relative  effi- 
ciency of  steam,  gas,  and  electricity  and  arrives  at  the  almost 
self-evident  conclusion  that  electrically  generated  heat  is  not 
so  efficient  for  ordinary  domestic  or  industrial  operations  as 
steam.  He  furthermore  shows  that  the  same  is  true  when  we 
compare  electricity  with  gas  for  heating  or  cooking  purposes. 
We  have,  however,  many  figures  to  prove  that  electrically  heated 
appliances  are  as  efficient,  and  frequently  more  efficient,  than 
the  same  appliances  heated  by  other  means. 

Take,  for  example,  the  case  of  an  oven.  The  efficiency  of  an 
ordinary  cooking-stove  using  solid  fuel  is  only  about  2  f)er  cent, 
12  per  cent  being  wasted  in  obtaining  a  glowing  fire,  70  per  cent 
going  up  the  chimney,  and  16  per  cent  being  radiated  into  the 
room.  In  a  gas-stove,  considering  that  the  number  of  heat 
units  obtainable  from  the  gas  at  a  certain  price  is  but  small  com- 
pared with  solid  fuel,  the  ventilating  current  required  for  the 
operation  alone  consumes  at  least  80  per  cent  of  the  heat  units 
obtained  by  burning  the  gas.  In  the  case  of  an  electrical  oven 
more  than  90  per  cent  of  the  heat  energy  can  be  utilized;  and  thus, 
although  possibly  5  to  6  per  cent  only  of  the  heat  energy  of  the 
fuel  is  present  in  the  electrical  energy,  90  per  cent  of  this,  or  4.5 
per  cent  of  the  whole  energy  actually  goes  into  the  food.  Thus 
the  electrical  oven  is  practically  twice  as  economical  as  any  other 
oven,  whether  that  oven  is  heated  by  solid  fuel  or  by  gas. 

Furthermore,  the  comparative  operating  cost  of  electric  and 
gas  cooking  depends  upon  two  conditions;  the  relative  rates 
for  gas  and  electric  heat  units,  and  the  relative  heat  efficiencies  of 
gas  and  electric  apparatus.  A  third  quantity,  the  effect  pro- 
duced by  the  different  rates  and  modes  of  heat  applications  in 
the  two  classes  of  utensils,  may  effect  the  efficiency  slightly, 
but  the  existence  of  this  effect  is  not  yet  verified.  Starting 
with  the  heat  of  coal,  which  may  be  fairly  estimated  as  12,000 
B.t.u.  per  pound,  we  compute  the  relative  efficiency  of  the  heat 
conversion  as  follows: 

Gas  I  Electricity 


1  pound  of  coal  produces  5  cu.  ft. 

gas.     5  cu.  ft.  of  gas  contain 

3000  B.t.u. 
Efficiency  of  heat  conversion  is 


1  pound  of  coal  produces  0.25  kw-hr. 
0.25  kw-hr.  -  853  B.t.u. 

Efficiency  of  heat  conversion  is 


3000        ^^  863 

J2000"  "  2^  P®'  ^°*-  12000  -  7.1  per  cent. 

Efficiency  electrical  heat  conversion 

Efficiency  gas  heat  conversion       "  ^'^  ^^  ^^*" 
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With  manufacturing  processes  of  equal  cost  per  pound  of  coal 
converted,  it  is  apparent  that  an  electric  heat  unit  must  cost 
nearly  four  times  as  much  as  a  gas  heat  unit,  but  with  present 
processes  the  relative  rates  are: 

Gas  I  Electricity 

$1.00  per  1000  cu.  ft.  J  $0.10  per  kw-hr. 

1  B.t.u.O.OOOlC?  cents.  f  1.  B.t.u.  0.00293  cents. 

Electric  B.t.u.  0.00293    _ 
Gas  B.t.u.  0.000167     ~  ^''^ 


It  is  known  that  the  efficiency  of  electrical  apparatus  is  about 
four  times  that  of  gas,  and  consequently,  as  the  gas  utensils 
require  four  times  as  many  B.t.u.,  the  above  figure  of  17.5  is 
reduced  to  4.4.  If,  then,  the  rate  for  electricity  is  reduced  to 
one-quarter  of  that  assumed,  or  2.5  cents  per  kilowatt-hour, 
this  figure  of  4.4  is  changed  to  1.1  and  we  have  practically  identi- 
cal operating  costs.  This  ratio  has  been  borne  out  by 
numerous   tests. 

One  of  the  most  interesting  figures  contained  in  Mr.  Hadaway*s 
paper  is  the  one  relating  to  room  heating. 

For  room  heating  from  85  to  110  watts  are  practically  equivalent  to 
steam  at  low  pressure  condensed  by  one  square  foot  of  radiating  surface, 
etc. 

I  may  add  that  in  practice  we  figure  about  1.5  to  2  watts  per 
cubic  foot  to  be  heated,  under  average  conditions. 

I  do  not  believe  that  the  heating  element  of  the  future  will  be 
altogether  in  the  nature  of  a  wire,  a  metallic  paint,  etc.,  but  will 
probably  be  of  a  refractory  character,  such  as  a  carbide,  or  a 
silicate  of  carbon.  This  will  stand  a  red  heat  without  apparent 
oxidation  and  is  mechanically  stronger  than  anything  heretofore 
employed. 

Charles  P.  Steinmetz:  When  using  electric  energy  in  producing 
heat  energy  for  heating,  cooking,  baking,  etc.,  we  are  confronted 
by  the  enormous  handicap  of  the  inefficiency  of  the  thermo- 
dynamic engine.  As  electric  power  at  the  switchboard  of  a 
station  we  get  only  from  8  to  10  per  cent  of  the  energy  of  the 
fuel  burned  under  the  steam  boilers,  and  have  lost  90  per  cent  or 
more.  When  converting  again  this  electric  energy  into  heat 
energy,  we  can  get  only  the  same  very  small  percentage  of  the 
heat  energy  of  the  fuel  that  is  contained  in  the  electric  energy, 
and  this  greatly  handicaps  the  use  of  electric  energy  in  those 
cases  where  large  amounts  of  heat  are  required,  as  in  water 
heating.  Therefore  we  always  hear  electric  heating  engineers 
refer  to  the  use  of  gas  or  hot  water  or  steam  for  the  cases  where 
large  amounts  of  heat  are  required,  as  in  water  heating,  or  house 
heating,  and  reserving  the  use  of  electric  heating  for  those 
applications  where  the  heat  capacity  is  small,  as  in  cooking  and 
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baking,  or  for  iatennittent  use,  or  where  the  convenience  and 
cleanliness  of  electric  heating  outweigh  other  considerations. 
We  look  to  future  improvements  in  the  production  of  electric 
power,  and  to  improvements  in  the  load- factor,  to  bring  the 
cost  of  electric  power  down  to  such  values  as  to  compete  in 
economy  even  in  such  fields  as  house  warming,  water  heating, 
etc. 

It  is  this  statement  of  the  inefficiency  of  electric  heating,  due 
to  the  inefficiency  of  the  conversion  of  the  heat  energy  of  fuel 
into  electric  energy,  that  I  desire  to  challenge.  It  is  true  that 
each  kilowatt-hour  of  electric  energy  contains  only  a  definite 
number  of  units  of  heat  energy,  850  calories,  and  that  the  heat 
energy  produced  by  the  conversion  of  the  electric  energy  into 
heat  can  therefore  never  exceed  850  calories  of  heat  energy  per 
kilowatt-hour,  or  about  8  to  10  per  cent  of  the  original  heat 
energy  of  the  fuel.  The  problem  of  electric  heating  is,  however, 
not  to  produce  heat  energy  from  electric  energy,  but  to  raise 
the  temperature  of  the  air  or  some  other  objects  by  increasing 
the  quantity  of  heat  contained  in  them.  This  does  not  neces- 
sarily require  producing  the  quantity  of  heat;  it  can  be  done  by 
raising  an  existing  quantity  of  heat  to  higher  temperature,  or 
higher  heat  level.  For  instance,  to  fill  a  vessel  with  'water, 
the  water  could  be  produced  by  burning  hydrogen  gas  in  the 
air,  but  it  would  be  more  economical  to  fill  the  vessel  with  water 
by  using  the  energy  of  the  burning  hydrogen  to  pump  water  from 
some  lower  level  into  the  vessel.  In  the  latter  case,  of  the 
water  in  the  vessel  only  a  small  part  is  produced;  most  of  it  is 
taken  from  an  otherwise  unavailable  supply,  a  lower  level. 

In  the  thermodynamic  engine,  we  supply  a  quantity  of  heat, 
at  higher  temperatures.  Of  this,  a  small  part,  say  10  per  cent, 
is  converted  into  mechanical  energy,  the  remaining  90  per  cent 
given  off,  **  rejected  **,  as  heat  at  atmospheric  temperature. 
The  thermodynamic  cycle,  however,  is  reversible,  and  by  per- 
forming it  in  the  reverse  direction,  we  could  take  the  90  per 
cent  of  heat  at  atmospheric  temperature;  that  is,  from  the  air, 
or  the  water  supply,  and  by  the  conversion  of  the  10  per  cent  of 
mechanical  energy  into  heat  in  the  reversed  cycle  raise  the  other 
90  per  cent  of  heat  from  atmospheric  to  the  higher  temperature, 
and  thus  supply  again  the  100  per  cent  of  heat  at  the  same 
theoretical  temperature  at  which  they  were  supplied  to  the 
thermodynamic  engine  in  the  direct  cycle.  In  this  case  we 
would  supply  at  the  higher  temperature  10  times  as  much  heat 
as  corresponds  to  the  consumed  electric  energy;  but  this  heat  is 
not  produced  from  electric  energy,  90  per  cent  has  merely  been 
raised  from  a  lower  level,  lower  temperature  to  a  higher  tem- 
perature. It  is  thus  possible  to  supply,  at  the  moderate  tem- 
perature rise  required  by  electric  heating  devices,  many  times 
more  heat  than  the  calories  of  heat  energy  corresponding  to  the 
consumed  electric  power,  a  larger  quantity  of  heat  even  than 
the  total  number  of  units  of  heat  energy  of  the  fuel  consumed  in 
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producing  the  electric  energy,  without  infringing  the  law  of 
conservation  of  energy.  It  is  this  possibility  which  Lord  Kelvin 
referred  to  in  the  statement  quoted  in  Mr.  Hadaway's  paper. 

With  a  relatively  moderate  expenditure  of  electric  power, 
such  a  thermodynamic  engine  could  be  operated  between  two 
temperatures,  one  above  and  one  below  atmospheric,  and  thus 
be  used  to  heat  the  houses  in  winter  or  cool  them  in  summer.  Air, 
taken  at  atmospheric  temperature,  is  heated  by  adiabatic  com- 
pression; its  heat  is  abstracted;  then  the  air  is  expanded  and 
thus  cooled  below  atmospheric  temperature,  and  heat  supplied 
to  it  until  atmospheric  temperature  is  restored.  Thus  between 
compression  and  expansion,  heat  is  given  oflf  above  atmospheric 
temperature,  and  between  expansion  and  compression  heat  is 
taken  in  below  atmospheric  temperature;  that  is,  cold  given  off, 
and  as  the  work  done  by  the  expansion  supplies  most  of  the  work 
of  compression,  electric  power  has  to  supply  only  the  diflferences; 
that  is,  a  part  of  the  energy  representing  the  heating  or  cooling 
effect.  Obviously,  in  summer  the  higher  temperature,  in  winter 
the  lower  temperature,  would  be  rejected  by  exhausting  into  the 
air  and  taking  in  a  fresh  volume  of  air  at  atmospheric  tempera- 
ture. Such  a  thermodynamic  heating  apparatus  should  be 
able,  even  with  the  present  cost  of  electric  power,  to  make  the 
cost  of  electric  heating  comparable  with  that  of  direct  heating 
by  fuel. 

Townsend  Wolcott  (by  letter) :  In  discussing  Mr.  Hadaway's 
paper,  Dr.  Steinmetz  makes  some  statements  about  thermo- 
dynamics which,  whatever  he  may  have  meant  to  say,  are,  as  he 
has  actually  made  them,  misleading.  First,  assuming  a  thermo- 
dynamic engine  with  an  efficiency  of  10  per  cent,  as  he  does, 
the  first  great  loss  of  temperature  fall,  and  consequent  dissipa- 
tion of  energy,  is  between  the  temperature  of  the  fire  and  that 
of  the  boiler,  if  the  apparatus  be  a  steam  engine;  or  between  the 
temperature  of  combustion  and  the  maximum  allowable  tem- 
perature of  the  cylinder,  if  it  be  a  gas  engine.  In  the  steam 
engine,  the  temperature  of  the  fire  is  at  least  1000°  fahr.,  while 
that  of  the  boiler  is  less  than  400°.  It  is  not  true,  therefore, 
that,  by  reversing  the  cycle,  the  original  temperature  can  be 
restored  to  the  whole  amount  of  heat,  even  theoretically;  for 
the  fall  from  fire  to  boiler  temperature  is  a  completely  non- 
reversible process,  and  entirely  outside  of  the  reversible  cyclic 
process.  To  be  sure,  if  we  were  able  to  work  down  to  absolute 
zero,  all  the  energy  of  heat  of  any  finite  temperature  would  be 
available,  and  the  drop  between  fire  and  boiler  would  be  of  no 
consequence;  but,  with  a  finite  lower  limit  of  temperature,  such 
as  Mr.  Steinmetz  uses,  this  drop  is  of  the  greatest  importance. 
Secondly,  if  the  expansion  be  carried  below  atmospheric  tem- 
perature, as  Mr.  Steinmetz  says  it  is,  efficiency  is  sacrificed; 
it  is  precisely  because  the  expansion  is  isothermal  at  atmospheric 
temperature,  in  the  apparatus  described  by  Lord  Kelvin,  that 
the  efficiency  is  high. 
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Mr.  Hadaway's  quotations  from  Lord  Kelvin's  paper  of  more 
than  half  a  century  ago  may  be  a  little  startling  to  those  who 
are  not  familiar  with  thermodynamics;  first,  on  account  of  a 
doubt  as  to  whether  the  statements  therein  contained  are  quite 
true,  in  view  of  the  fact  that,  upon  superficial  examination, 
there  appears  to  be  a  regeneration  of  dissipated  energy;  secondly, 
because,  if  true,  the  principle  does  not  appear  to  have  been  fully 
utilized.  Upon  investigation,  however,  all  doubts  are  dispelled 
and  the  whole  subject  is  illuminated.  I  have  not  seen  the 
mathematical*  investigation  published  with  the  original  paper, 
and  to  which  Lord  Kelvin  refers  in  the  passage  quoted  by  Mr. 
Hadaway;  but,  as  the  numerical  statements  contained  in  the 
passage  check  satisfactorily,  even  when  using  the  most  modem 
values  for  the  natural  constants  involved,  it  is,  perhaps,  of  no 
great[^importance  that  I  have  not.     Let  us  follow  through  the 


Cb    ^ 


Fig.  1 

process  described  by  Lord  Kelvin,  using,  in  the  interest  of 
simplicity  and  perspicuity,  the  ideal  cylinder  of  Sadi  Camot, 
which  is  frictionless  and  has  walls  which  can  be  made  alternately 
perfect  conductors  and  insulators  of  heat,  and  the  ordinary 
pressure-volume  diagram.  The  values  of  the  natural  constants 
will  be  taken  from  the  fifth  edition  of  Peabody's  **  Thermody- 
namics of  the  Steam  Engine."  First  suppose  that  the  piston 
be  withdrawn  to  0.82  of  full  stroke,  and  further  suppose  that, 
at  this  point,  the  cylinder  contains  exactly  one  pound  mass  of 
air,  at  the  normal  pressure  of  2116.32  lb.  per  square  foot,  which 
we  will  designate  by  p^.  So  far,  no  work  has  been  done.  Now 
suppose  the  intake  valve  closed  and  the  piston  drawn  out  to  full 
stroke,  the  temperature  of  the  air  in  the  cylinder  being  main- 
tained constant  by  conduction  through  the  walls  of  the  cylinder. 
At  the  end  of  the  stroke,  the  pressure  will  be  0.82pi  =  1735.382  lb. 
per  square  foot  =  /?,     The  volume  at  p^  we  will  call  Vj  and  at  p, 
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we  will  call  i;,.  v^  «  12.84375  cu.  ft.,  v,  =  15-66311  cu.  ft. 
The  work  of  isothermal  expansion  is 

1) 
Wi  =  pi  Vi  log,  —  =»  5394.186  ft-lb..  and  is  represented  on 
^1 

the  diagram  by  the  area,  a,  e,  c,  d.  The  total  work  required  to 
move  the  piston  from  p^  to  /?,  against  the  atmospheric  pressure 
is  pi  (Vj  — Vi)  =  5966.668  ft-lb.,  represented  in  the  diagram 
by  the  area  a,  6,  c,  d.  The  difference  of  these  areas;  that  is, 
the  area,  a,  6,  e,  represents  the  external  work  supplied,  Wo  = 
572.482  ft-lb.  The  cylinder  is  now  insulated  and  the  piston 
allowed  to  go  back  until  the  pressure  in  the  cylinder  is  again  p^\ 
the  volume  at  this  point  =  v,.  The  compression  is  adiabatic, 
and  the  temperature,  of  course  rises.  Assume  the  absolute 
zero  as  —  459.5°  fahr.,  the  specific  heat  of  air  at  constant  pres- 
sure as  0.2375,  the  mechanical  equivalent  of  heat  as  778  ft-lb. 
From  these  values  we  obtain  that  for  the  ratio  of  the  specific 
heat  of  air  at  constant  pressure  to  that  at  constant  volume, 
K  =  1.40593.  The  initial  temperature,  T^  =  50°  fahr.  «  509.5° 
absolute.     The    final    temperature  =  T,.     From   the    laws    of 

adibatic  compression,  \/  ^^  =  —^  =  1.15160,  therefore,  v,  = 
13.601183  cu.  ft.;      (-^^    =    1.0589711. 


r,  =  l^  Ti  =  539.54572°  absolute  =  80.04572°  fahr. 
This  checks  with  Lord  Kelvin's  figure.  From  these  figures  we 
have  1 —  (—)  =  .131643,  which  checks  with  Lord  Kelvin's 
statement  of  the  amount  of  compression.     The  work  of  adiabatic 

compression  is  Wa  =  J^^     (^  "Tl)  ""  ^^^^'^^^  f*-lb.:  this  is 

represented  on  the  diagram  by  the  area,  /,  e,  c,  g.  The  work 
which  the  atmosphere  is  capable  of  doing  on  the  compression 
stroke  is  represented  on  the  diagram  by  the  area,  /,  6,  Vr,  g,  and 
equals  4363.721  ft-lb.  The  difference  between  this  and  the 
work  of  compression  =  415.003  ft-lb.,  and  is  represented  on  the 
diagram  by  the  area,  /,  6,  e.  As  this  work  may  be,  at  least 
theoretically,  stored  so  as  to  be  available  for  use  in  the  next 
expansion,  it  is  only  the  difference  between  it  and  the  work  origi- 
nally required  to  pull  the  piston  out  which  is  permanently  ab- 
sorbed. This  difference,  represented  on  the  diagram  by  the 
area,  a,  /,  e,  equals  157.479  ft-lb.  The  equivalent  in  work  of  the 
heat  required  to  raise  one  pound  of  air  from  Tj  to  7",,  and  at  the 
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same  time  expand  it  from  v^  to  t;,;  that  is,  to  heat  it  at  constant 
pressure,  is  5551.698  ft-lb.  As  this  is  a  little  more  than  35  times 
the  work  absorbed,  Lord  Kelvin's  numerical  results  check  com- 
pletely. However,  the  casual  reader  of  Lord  Kelvin's  paper 
finishes  with  a  more  or  less  distinct  idea  that  some  dissipated 
energy  has  been  reclaimed;  or,  at  least  that  the  Bell-Coleman 
refrigerating  apparatus  is  more  economical  than  some  others.  I 
do  not  mean  to  intimate  that  Lord  Kelvin  had  any  such  idea,  but 
simply  that  the  ordinary  reader  is  inclined  toward  that  opinion, 
and  it  is  to  make  the  truth  regarding  this  matter  clear  that  I 
have  gone  through  the  foregoing  calculation  in  so  much  detail. 
The  regeneration  of  dissipated  energy,  or  the  flow  of  heat  from 
a  cooler  to  a  warmer  body,  without  an  equivalent  flow  of  heat 
from  a  wanner  to  a  cooler  body,  is  contrary  to  the  second  law 
of  thermodynamics.  The  number  of  proposed  machines  in- 
tended to  operate  in  defiance  of  this  law  would  probably  make 
a  respectable  second  to  the  number  of  proposed  perpetual  motion 
machines;  but  one  kind  does  not  operate  any  better  than  the 
other.  It  will  be  observed  that  the  described  operations  do  not 
constitute  a  complete  cycle,  as  the  air  has  not  returned  to  its 
original  state.  Suppose  we  complete  the  cycle  by  allowing  the 
air  to  cool  off  to  its  initial  temperature  and  pressure,  and  inquire 
how  much  of  the  heat  energy  is  available  for  conversion  into 
work,  by  any  imaginable  device.  The  portion  of  the  heat  de- 
livered at  the  temperature,  Tj,  which  is  available  for  work  in  a 
heat  motor  operating  between  the  temperatures,   T^  and  Tj, 

T 
is  1  —  =r.     But,  as  we  cannot  withdraw  a  finite  quantity  of  heat 

from  the  air  in  the  cylinder  without  lowering  its  temperature, 
we  must  assume  an  infinite  number  of  elementary  cycles  between 
the  fixed  lower  temperature  Tj,  and  the  variable  upper  tem- 
perature, r,  and  integrate  between  the  limits,  T^  and  T,.  Thus, 
allowing  for  the  specific  heat  of  air. 

Available  energy  =  0.2375    I     ^  ll-^)  dT  = 


JT;('-^) 


.2375  ((7,  - T,)  -  r,  log.  jA  =0.2024569  B.t.u.  =  157.511  ft-lb. 

which  is  pretty  accurately  equal  to  the  absorbed  work, 
as  calculated  in  the  foregoing.  Had  more  places  of  figures  been 
employed  in  the  calculations,  the  agreement  would  have  been 
closer.  We  see  from  this  investigation  that  no  dissipated  energy 
has  been  regenerated  or  recovered,  and  that  the  only  energy 
which  can  be,  even  theoretically,  recovered  from  the  cycle  is 
just  what  is  put  in.  An  examination  of  the  records  of  tests  of 
ice  machines  in  Professor  Peabody's  book  shows  that  the  Bell- 
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Coleman  apparatus  is  no  more  economical  than  apparatus  using 
ammonia  and  other  volatile  liquids,  but  this  does  not  in  any 
way  invalidate  Mr.  Hadaway's  contention  that  the  heating  of 
houses  by  electric  motors  and  Kelvin  apparatus  would  be  more 
economical  than  by  rheostats,  even  allowing  for  the  inevitable 
losses  in  a  practical  machine.  If  the  limits  of  the  temperature 
range  were  extended,  so  as  to  boil  water  or  cook,  the  economy 
would  diminish  and,  ultimately,  disappear  altogether. 

W.  S.  Hadaway,  Jr.:  Concerning  some  of  the  criticisms  of  the 
paper :  it  has  been  my  effort  to  make  it  very  conservative.  The  log- 
ical way  to  look  at  the  matter  is  to  conserve  the  fuel  supply  so  far 
as  it  can  be  made  to  go.  From  a  business  standpoint,  and  it  is 
really  the  business  standpoint  that  determines  the  engineering 
features,  it  has  been  shown  conclusively  that  a  demand  for 
electric  heating  apparatus  has  been  created  which  must  be  met. 
It  has  become  in  many  ways  not  so  much  a  question  of  what 
the  efficiency  is  as  of  results  attained. 

It  has  been  thought  desirable  in  connection  with  the  practical 
side  of  the  problem  to  point  out  some  of  the  difficult  questions  yet 
to  be  solved.  I  thank  Dr.  Steinmetz  for  elaborating  the  Kelvin 
method  of  securing  heat  in  large  quantities  at  low  temperature. 

In  the  construction  of  apparatus  the  one  important  factor 
which  remains  to  be  solved  at  present  is  the  question  of  heat 
insulation.  If  we  were  building  ships  in  which  we  had  to  figure 
a  certain  percentage  of  tonnage  capacity  set  aside  for  pumps  to 
keep  the  ship  afloat,  we  would  be  in  relatively  the  same  position 
as  is  the  manufacturer  of  electric  heating  devices  to-day  so  far 
as  energy  inputs  are  concerned.  We  have  no  practical  method 
of  confining  heat  at  high  temperatures. 

I  was  asked  a  question  as  to  how  the  statement  that  the  gas 
burner  corresponded  to  something  like  35  watts  per  square  inch 
was  derived.  That  statement  is  based  on  laboratory  work,  in 
which  gas  stoves  of  ordinary  construction  with  annular  burners 
and  with  outside  dimensions  of  approximately  6  in.  are  com- 
pared with  an  electric  heater  upon  which  a  vessel  of  the  same 
size  was  used  on  the  two  devices.  It  should  be  added,  however, 
that  the  limitation  of  the  watts  per  square  inch  is  not  necessarily 
as  low  as  12  watts,  because  on  low  voltages  apparatus  has  been 
successfully  used  up  to  as  high  as  40  watts  per  square  inch. 
The  voltage  situation,  however,  particularly  on  220  volts,  is  a 
difficult  proposition  to  handle,  because  apparatus  built  for  that 
voltage  has  one  fourth  the  resistance  cross-section  of  apparatus 
built  for  110  volts,  and  the  electrical  insulation  has  also  to  be 
somewhat  increased. 

The  logical  development  in  voltages  is  towards  a  decrease 
rather  than  an  increase  in  the  same  way  that  the  logical  develop- 
ment of  quantitative  work  in  heating  is  the  centralization  of  all 
the  heating  values  at  one  point  and  the  distribution  of  them  over 
short  distances  to  secure  the  highest  fuel  efficiencies  in  combina- 
tion with  the  advantages  which  the  electric  heating  devices  give. 
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SYNOPSIS  OF  PAPER 


Introductory 

1.  Object  of  paper. 

2.  Value  of  mistake. 

3.  Value  of  ignorance. 

4.  Facts — necessary     to     stable 

conclusions. 

5.  Effect  of  experience  on  deci- 

sion. 

6.  Relation  of  steam  versus  elec- 

tric traction. 

7.  The  new  chain — its  old  links. 

8.  The  public. 


Major  Faults 

1.  Power  house. 

2.  Insulation. 

3.  Circuit-breakers. 

4.  Line. 

5.  Locomotives. 


Minor  Faults 


1.  Generator  burn-outs. 

2.  Distribution. 

a.  Multiple-track  circuits. 
6.   Independent    track     cir- 
cuits. 

3.  Contact  wire. 

4.  Hard  spots. 

a.  Hanger^;  6.  section  breaks 
c,  deflectors. 

5.  Signal  wires. 

6.  Locomotive    current     collec- 

tors. 


Log  of  Operation 


6. 


7. 


Electric  passenger  servii^e. 
Electricity  versus  steam. 
Train-minute  delays;  a,  table; 

6,  chart. 
Serious  failures — over  300 

train-minutes. 
Engine   repairs — a.    Table 

showing  engines  in  shop. 
Engine     capacity — o.     Table 

showing    trailing    loads    in 

excess  of  guarantees. 
Engine  -  mileage  —  electricity 

and  steam  compared. 


The  Electrification  in  Relation  to 
Matters  Other  Than  Traction 

1.  Telegraphs  and  telephones. 

2.  Public  safety. 

3.  Foreign  wires. 

Commentary 

1.  Lightning  protection. 

2.  Grounds. 

3.  Tell-tales. 

4.  Train  heating  and  lighting. 

5.  Fatalities. 

6.  Single-  versus  double- catenary 

construction. 

7.  Cross-catenary  versus  bridge 

bents. 

8.  Single-phase  operation. 

Conclusion 

1.  Alternating   current  and  the 
engineer. 
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The  object  of  this  paper  is  to  bring  the  actual  operation 
of  the  New  Haven  single-phase  electrification  as  closely 
as  possible  to  those  who  are  truly  interested  in  its  merits  and 
faults.  If  the  writer  can  feel  that  this  object  has  been  accom- 
plished, the  reward  for  the  effort  will  be  sufficient. 

In  advance  of  freely  opening  up  the  subject  without  mental 
reservation,  it  may  be  well  to  say  that  he  is  not  unmindful  of 
the  adverse  construction  and  criticism  that  will  be  placed  by 
some  upon  the  facts  he  intends  to  present.  Having  carefully 
weighed  this,  however,  he  has  concluded  that  it  should  not  be 
permitted  to  stand  in  the  way  of,  or  militate  against,  the  sounder 
and  analytical  judgment  of  those  intent  upon  a  fair  considera- 
tion of  the  facts  as  they  exist. 

The  first  intention  was  to  make  the  subject  of  this  paper 
**  The  Errors  Made  in  the  Electrification  of  the  New  Haven 
System  *',  but  realizing  what  capital  such  an  **  admission  " 
would  make  for  those  few  who  are  inclined  not  to  be  fair-minded 
on  this  important  matter,  the  title  has  been  changed,  and  the 
body  of  the  paper  built  upon  a  description  of  the  faults,  major 
and  minor,  that  have  been  made,  and  their  effect,  by  log-sheet 
reference,  upon  operation.  After  all,  the  citation  of  **  how 
not  to  do  it  "  is  far  more  valuable  than  "  how  to  do  it  ".  It 
may  be  at  some  sacrifice  of  pride  to  discuss  one's  errors,  yet 
there  is  something  so  valuable  in  the  exposition  of  an  error 
that  this,  in  itself,  is  ample  compensation  for  its  acknowledg- 
ment. There  seems  to  be,  too,  something  altruistic  about  a 
mistake  or  **  wrong  ";  for  in  its  death  there  is  bom  a  **  right  ", 
and  one  can  never  really  get  on  intimate  terms  with  his  mistake 
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until  its  rightful  complement  has  been  substituted.  After  a 
railroad  has  changed  from  a  steam  to  an  electric  schedule,  the 
natural  question  immediately  follows:  "Is  it  a  success?" 
The  answer  to  this  question  involves  almost  an  infinity  of 
analjrtical  judgment.  Electrical  engineers  have  no  greater 
professional  or  moral  responsibility  before  them  than  the 
presentation  of  all  available  data,  in  which  will  be  included 
information  of  pertinent  application  in  the  solution  of  the  vast 
electrification  problems  of  to-day.  To  those  entrusted  with 
the  responsibility  of  such  decisions  is  due  every  possible  help 
and  light.  Engineering  conclusions  are  based  on  5  per  cent, 
theory  and  95  per  cent,  practice;  practice  being  made  up  of 
experience  and  an  acceptance  of  existing  allied  conditions.  We 
want  nothing  unless  we  know  all  about  it  before  it  is  ours. 
If  we  are  wise,  we  should  not  be  so  particular  about  its  merits 
as  its  demerits.  Perfection  cannot  exist.  This  applies  to 
electrification  as  to  other  things. 

The  duty  assigned  to  the  engineers  of  the  New  Haven  rail- 
road was  to  provide  for  the  electrical  operation  of  its  trains. 
At  the  early  period  of  April  1,  1905,  when  we  settled  down  to 
this  responsible  task,  the  data  in  the  field,  upon  which  to  base 
real  conclusions,  were  about  5  per  cent,  in  comparison  with  the 
experience  now  available.  If  **  Ignorance  maketh  the  brave", 
I  can  only  say  that  I  am  more  than  thankful  we  were  so  ig- 
norant at  the  outset.  I  do  not  believe  that  this  remark  will 
need  any  explanation  here.  Could  we  have  read  the  history  of 
our  errors,  rather  than  have  made  them,  I  question  whether 
we  would  have  had  the  temerity — though  I  confess  our  convic- 
tions would  have  been  the  same — to  ask  the  president  of  the 
New  York,  New  Haven  &  Hartford  Railroad  Company  to  put 
up  with  the  criticism,  abuse,  and  unfair  remarks  that  have  been 
made  by  those  ignorant  of  the  facts,  and  by  others  who,  per- 
versely, were  intent  upon  their  own  selfish,  narrow  course  with 
manifested  abandonment  of  all  purposes  to  acquaint  themselves 
with  the  nature,  the  scope,  and  the  possibilities  which  lay  easily 
within  their  knowledge,  merely  by  the  asking.  To-day,  I  am 
thankful  to  say,  this  negative  attitude  is  giving  away  to  the 
alarm  made  manifest  by  undisputed  facts,  which  demand  their 
own  recognition.  I  have  no  personal  desire  to  make  any  other 
engineer  think  as  I  do.  If  he  sees  the  facts  as  I  see  them,  then  we 
will  vote  alike.  To  those  who  may  be  interested  in  my  conclu- 
sion in  regard  to  the  New  Haven  Railroad  electrification,  I  can 
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simply  say  that,  if  I  were  in  favor  of  its  use  three  years  ago, 
now,  standing  on  the  more  stable  ground  of  experience, 
particularly  in  regard  to  the  department  of  faults,  I  am  doubly 
in  favor  of  it  to-day.  I  shall,  of  course,  be  interested  in  those 
who  share  this  opinion  after  reading  this  paper,  but  I  shall  be 
doubly  interested  in  them  if  their  conclusion  has  not,  in  the 
slightest  degree,  been  influenced  by  my  own,  but  has  been  formed 
entirely  upon  the  contemplation  of  the  faults  severally  cited. 
And,  let  me  quickly  add,  I  shall  be  equally  interested  in  those 
who  honestly  disagree  with  this  opinion. 

Unlike  steam  traction,  where  the  number  of  links  in  the  delay 
chain  is  but  one,  electric  traction  has  its  delay  chain  composed 
of  three  links;  namely,  the  power  house,  line,  and  locomotive.  A 
failure  in  any  one  of  these  links  may  produce  train  delay  or 
delays.  Measured  by  the  degree  of  their  seriousness,  these 
links,  in  the  order  of  their  effect  on  delays,  may  be  mentioned 
in  the  order  given.  This  is,  of  course,  immediately  apparent, 
in  that  the  power  house  affects  all  operation;  the  line,  a  con- 
siderable portion  of  the  trackage,  involving,  possibly,  several 
trains;  and  the  locomotive  is  usually  confined  to  its  individual 
troubles,  only  infrequently  affecting  following  trains.  This 
order  naturally  has  application  to  all  forms  of  electrification, 
direct  current,  single  phase,  or  polyphase. 

In  the  conception  of  the  form  of  power  house,  line,  and  loco- 
motive to  be  used  in  the  New  Haven  system,  ignorance  and  lack 
of  experience  led  those  pertinently  interested  in  its  success  to 
believe  that  while  the  chain  of  power  generation,  and  its  trans- 
mission and  utilization  for  traction,  was  of  a  new  character, 
its  links,  however,  were  made  up  of  principles  long  recog- 
nized and  reliable.  They  were  right  in  this  conclusion,  except 
that  it  did  not  include  certain  phenomena  which  could  not  have 
been  anticipated,  due  to  the  combination  of  these  old  principles 
in  the  form  of  this  new  chain.  For  example,  there  was  nothing 
particularly  disturbing  about  an  11,000-volt  25-cycle,  three- 
phase  power  house,  from  which  was  to  be  taken  most  of  the 
power  from  one  of  the  phases  generated;  or  of  a  300-ft.,  11,000- 
volt,  single-phase  transmission  line,  from  the  terminals  of  which 
the  same  voltage  was  to  be  distributed,  east  and  west,  along  the 
right-of-way  of  a  railroad ;  or  of  a  locomotive  with  a  transformer 
installed  upon  it  to  take  11,000  volts  and  step  it  down  to  600 
volts  to  supply  300-volt  single-phase  railway  motors.  Power 
houses  of  this  character  have  been  designed  the  world  over. 
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except  perhaps  that  single-phase  current  in  the  amount  to  be 
utilized  had  not  been  used  elsewhere.  Transmission  lines  oi 
60,000  volts  had  been  in  constant  use.  And,  except  that  there 
was  a  moving  contact  in  connection  with  the  current  that  was 
to  go  to  the  step-down  transformers  on  the  locomotives,  trans- 
formers of  many  times  the  capacity  and  voltage  were  in  uni- 
versal use.  The  single-phase  motor,  indeed,  may  be  said  to 
have  been  new  so  far  as  the  size  required  for  the  New  Haven 
service  is  concerned,  but  tests  made  upon  smaller  units  demon- 
strated beyond  peradventure  its  tractive  qualities  and  showed 
its  characteristic  curves  to  be  closely  similar  to  those  of  its 
prototype,  the  direct -current  motor.  This  reasoning,  in  close 
consideration  of  each  class  of  apparatus,  per  se,  has  proved 
itself  correct,  and  such  irregularities  as  have  existed  in  the 
initial  electric  service  which  the  New  Haven  road  offered  to 
the  public,  while  deserving  the  condemnation  which  the  public 
can  unfailingly  offer,  have  been  due  to  the  ramification  of  a 
series  of  faults  that  have  developed  entirely  outside  the  zone  of 
previous  experience.  The  delays  (and  public  criticisms  of  them) 
have  followed  even  to  this  late  day,  when  the  electric  service 
is  far  better  than  the  steam  service  it  has.  replaced.  It  has 
occurred  to  me  that  certain  engineers,  who  are  unbelievers  in  the 
single-phase  system,  may  interpret  this  paper  as  an  apology.  To 
them  I  would  say,  as  I  do  to  the  public,  it  is  an  apology  for  hav- 
ing delayed  any  of  their  appointments.  To  others,  it  is  need- 
less to  add  that  the  citation  of  these  troubles  is  given  in  the 
hope  that  they  will,  as  they  easily  can,  avoid  them  in  the  future. 

The  Serious  Faults 

Power  house.  The  electric  power  supply  for  the  New  Haven 
road  is  derived  from  four  11,000-volt  steam  turbine  generators, 
three  of  which  have  an  electric  capacity  of  3750  kilovolt-amperes 
single  phase;  the  fourth  unit  consisting  of  a  6,000  kilovolt- 
ampere,  three-phase  generator,  which  can  also  supply  single- 
phase  current  to  the  system. 

Although  the  generators  as  originally  designed  were 
made  exceptionally  strong,  and  particular  attention  paid  to 
their  insulation,  due  to  the  necessity  of  grounding  one  phase, 
it  was  found  that  the  utilization  of  so  much  single-phase  cur- 
rent from  a  three-phase  star-wound  generator  produced  a  stray 
magnetic  field  completely  out  of  the  path  of  normal  lamination. 
As  a  result  it  was  impossible  to  develop  for  continued  operation 
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more  than  66  per  cent,  of  the  normal  rating  of  the  generators. 
Overloads  of  any  character  produced  abnormally  rapid  heat- 
ing, making  such  operation  dangerous,  although  the  generators 
were  guaranteed  to  carry  50%  overload  for  two  hours,  and  100% 
overload  for  two  minutes,  in  order  to  meet  the  sudden  drafts  of 
currents  required  for  a  schedule  such  as  exists  on  the  New 
Haven  road.  Indeed,  at  the  very  start  the  actual  drafts  of 
current  showed  that  the  generators  must  meet  imperatively  the 
guarantees  as  to  normal  and  overload  capacities  if  the  electrifica- 
tion were  to  be  successful.  These,  then,  were  the  power  house 
conditions  that  confronted  the  New  Haven  road  on  beginning 
the  work  of  propelling  alternating-current  trains.  The  power 
house  being  the  heart  of  an  electric  system,  to  add  more  would 
be  to  say  less  in  describing  a  critical  situation. 

I  trust  it  is  not  to  be  my  pleasure  to  meet  the  prophet,  who 
says,  "  This  could  have  been  anticipated."  Suffice  it  to  say 
that  after  three  unsuccessful  attempts  at  complete  correction, 
each,  however,  affording  some  constructive  results — months 
being  absorbed  in  the  dismantling  and  readjusting  of  the  parts 
of  these  generators — the  final  attempt  was  successful  and  the 
generators  are  to-day  operating  in  the  power  house,  fulfiling  the 
guarantees  mentioned  previously.  But  this  last  mentioned  fact 
is  insignificant  when  compared  with  the  valuable  information 
that  has  been  derived,  which  will  permit  all  other  generators 
to  be  manufactured  without  the  fault  described. 

Line  insulation.  The  years  of  experience  which  we  have 
had  in  the  study  of  insulating  various  voltages  led  to  what  was 
considered  a  very  conservative  insulation  in  the  various  parts 
of  the  line.  Messenger  cables  had  to  be  insulated  from  the 
intermediate  trusses  and  at  their  anchor-bridge  termini.  The 
trolley  copper  conductor  was  suspended  from  the  messengers 
and  had  to  be  insulated  at  points  where  it  entered  the  oil  switches 
on  the  anchor  bridges.  Trolley  wires  had  to  be  insulated  from 
each  other  at  section  breaks.  On  curves,  both  messengers  and 
trolley  wires  had  to  be  strained  over  the  center  of  the  tracks 
through  the  agency  of  pull-off  posts  at  the  side  of  the  tracks, 
the  pull-off  wire  being  insulated  between  tracks  and  the  pull- 
off  column  itself.  Feeder  wires  had  to  be  insulated  from  their 
supporting  cross-arms  and  at  points  where  they  pass  under 
highway  bridges.  None  of  these  problems  in  insulation  had 
the  appearance  of  an  especial  character  and,  indeed,  did  the 
road-bed  provide  traffic  only  for  electric  trains,  the  problem 
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Would  have  been  simplicity  itself.  A  pressure  of  11,000  volts 
being  the  prevailing  dielectric  strain,  the  problem  was  to  provide 
sufficient  insulation  at  all  the  points  mentioned  above. 

Of  the  effect  of  steam  locomotive  discharges  upon  insulators, 
there  was  no  initiative  by  which  to  be  guided,  and  it  became 
necessary  to  decide  upon  the  factors  of  insulation  that  would  be 
required.  It  was  thought  that  ample  provision  had  been 
made:  it  proved  otherwise.  Experience  has  proved  that,  in 
places,  just  double  the  amount  is  required.  It  was  quickly 
noted  that  the  greatest  number  of  insulator  failures  occurred 
wherever  the  insulation  was  subject  to  the  direct  blast  of  the 
steam  locomotive.  To  correct  the  difficulty,  therefore,  it  was 
found  necessary  to  double  up  on  anchor  insulators.  The 
intermediate  messenger  insulators  proved  adequate  and  it  was 
not  found  necessary  to  increase  the  impregnated  stick  insula- 
tion between  trolley  wires  at  curves,  but  wood  stick  insulators 
had  to  be  added  in  series  with  the  moulded  material  insulator 
between  the  pull-off  wire  and  pull-off  post.  The  original  insul- 
ators on  the  anchor-bridge  switches  were  made  of  moulded  ma- 
terial and  for  them  was  substituted  porcelain.  It  was  not 
necessary  to  change  the  feeder  insulators  on  the  catenary  bridge 
struts.  While  very  little  trouble  has  been  experienced  with  the 
form  of  insulation  used  for  supporting  the  feeders  under  high- 
way bridges,  it  is  anticipated  that  trouble  will  follow  if  this  is 
not  changed.  The  present  form  consists  of  the  corrugated 
spool-type  insulator,  for  which  there  will  be  substituted  a 
regular  porcelain  double-petticoat  insulator. 

To-day,  instead  of  line  failures  being  the  rule,  they  have 
become  the  exception. 

Circuit-breakers.  The  momentary  energy  involved  in  a  short- 
circuit  produced  upon  a  line  fed  by  high-power,  high-speed 
turbines  is  very  great.  Under  the  sub-title  **  Power  house  **  it 
was  stated  that  the  generators  were  operating  under  their  guar- 
anteed capacities.  Internal  heating,  due  to  stray  magnetic 
field,  was  the  cause  of  the  generators  failing  to  meet  their  designed 
capacity.  This  heating  was  completely  cured  by  the  simple  ad- 
dition of  a  short-circuited  winding  surrounding  the  rotating 
member  of  the  generator,  similar  to  that  used  in  the  well-known 
squirrel-cage  type  of  induction-motor  rotors.  It  is  interesting 
to  note  here,  however,  that  while  the  heating  is  entirely  elim- 
inated by  this  short-circuited  winding,  its  effect  on  the  occasion 
of  a  short-circuit  is  to  allow  more  current  to  flow.     This  ten- 
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dency,  however,  is  controlled  by  a  method  later  to  be  described. 
In  the  New  Haven  system,  as  the  current  from  the  power  house 
was  fed  directly  to  the  line  and  from  there  to  the  locomotives 
without  transformation  of  voltage  by  transformers,  the  induc- 
tive element  to  counteract  the  surging  current  was  practically 
negligible;  under  these  conditions  there  resulted  short-circuits 
which  no  circuit-breaker  apparatus  then  designed  could  be  relied 
upon  to  take  care  of. 

Here  it  is  expedient  to  point  out  the  very  marked  difference 
in  operating  conditions  between  circuit-breakers  used  on  a  sys- 
tem that  is  grounded  and  one  that  is  not.  In  either  case,  it 
is,  of  course,  good  practice  to  ground  the  frames  of  all  circuit- 
breaker  apparatus.  In  the  case  of  the  grounded  system,  this 
virtually  brings  one  terminal  of  the  generating  system  directly 
to  the  frame  of  the  circuit-breaker;  with  the  other  terminal  of 
the  system  connected  to  the  jaws  (contactors)  of  the  breaker, 
it  is  readily  seen  that  on  the  occasion  of  a  heavy  current  surge, 
due  to  short-circuit,  should  the  arc  extend  itself  through  the 
walls  of  the  oil  tank  (wherein  the  circuit  is  broken),  this  would 
be  a  direct  leakage  to  ground,  establishing  a  short-circuit  around 
(or  in  shunt)  to  the  circuit-breaker  jaws,  which  action,  of  course, 
renders  the  circuit-breaker  useless,  and  subjects  it  to  the  dam- 
aging effect  of  the  arcing  locally  produced  until  interrupted  by 
another  circuit-breaker  in  series  with  the  circuit.  On  the  other 
hand,  where  the  system  is  not  grounded,  even  should  the  walls 
of  a  circuit-breaker  be  broken  down,  as  explained  above,  there 
would  be  no  electrical  connection  (unless  the  neutral  be  grounded) 
between  the  circuit-breaker  frame  and  the  generator,  and  thus  no 
return  path  for  the  current.  I  desire  to  draw  particular  atten- 
tion to  this  point,  for  while  the  circuit-breakers  used  in  our  case 
open  short-circuits,  since  the  current  surges  have  been  prac- 
tically eliminated.  I  believe  that  the  lining  of  the  oil  tanks 
should  have  an  especially  high  insulation  factor  on  grounded 
systems. 

The  failure  of  circuit-breakers,  either  in  the  power  house  or 
on  the  line,  naturally  produced  train  delays  of  large  or  small 
magnitude.  It  was  difficult  to  believe  that  these  large  circuit- 
breakers  were  incapable  of  taking  care  of  the  short-circuits,  and 
some  time  was  wasted  in  thinking  this  way.  Therefore,  we 
reluctantly  but  surely  arrived  at  the  conclusion  that  the  con- 
ditions would  have  to  be  changed. 
•     The  remedy  was  simple.     Instead  of  feeding  the  main  line 
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with  a  direct  transmission  straight  from  the  power  house  bus- 
bars to  the  trolleys  directly  opposite  the  power  house,  the  cur- 
rent was  fed  into  the  line  over  feeders  connected  to  it  at  Port- 
chester  and  Stamford.  By  the  introduction  of  this  ohmic 
resistance,  amounting  to  not  more  than  2  per  cent,  normal  drop 
on  the  system,  we  were  immediately  released  from  the  disastrous 
effect  of  short-circuits  on  our  circuit-breaker  apparatus.  In- 
stead of  losing  as  many  as  a  half  dozen  circuit-breakers  in  a 
day,  not  that  many  were  reported  out  of  commission  in  a 
month,  and,  of  course,  they  were  not  damaged  to  the  same 
extent  as  the  others,  nor  did  they  cause  any  serious  delays. 

For  the  feeder  resistance,  above  described,  there  have  since 
been  substituted  impedance  coils,  installed  in  the  leads  of  the 
generators.  These  coils  act  as  shock  absorbers,  protecting  the 
generators.  Later,  it  is  to  be  expected  that  there  will  be  in- 
stalled a  circuit-breaker  across  the  terminals  of  these  impedance 
coils,  which,  for  normal  operation,  will  shunt  the  current  through 
them,  the  breakers  opening  under  stress  of  abnormal  flow  of 
current  and  automatically  closing  when  normal  conditions  are 
restored. 

Trolley  wire.  In  the  month  of  May,  1908,  it  became  evident 
to  us  that  within  at  least  one  month  from  that  date,  if 
some  change  were  not  effected  in  the  contact  wire,  the  New 
Haven  electric  service  would  cease.  While  this  truth  was 
so  plain,  it  may  be  best  described  by  the  fact  that  daily 
reports  were  showing  that  the  copper  trolley  wire  was 
breaking  at  various  points;  and  where  it  was  not  broken  it  had 
become  so  badly  kinked  at  the  hanger  points  that  it  was  im- 
possible to  operate  electric  locomotives  upon  the  line  without 
serious  arcing.  This  resulted  in  violent  surging  on  the  locomotive 
transformers,  and,  at  times,  on  account  of  the  extremely  poor 
contact  of  overhead  shoes  on  the  line,  in  reducing  the  voltage 
to  such  a  low  value  as  to  prevent  a  supply  of  power  sufficient 
to  enable  the  locomotive  to  perform  its  schedule.  An  examina- 
tion of  the  hard-drawn  copper  trolley  wire  throughout  its 
length  proved  that  even  after  only  a  few  months'  operation 
upon  it,  its  cross-section  had  been  so  materially  reduced  as  to 
point  to  its  short  life  with  a  continuance  of  operation  upon  it. 
Especially  was  this  true  in  the  vicinity  of  the  many  low  highway, 
bridges  where  the  trolley  wire  approaches  the  bridge  on  a  two  per 
cent  gradient.  This  fault  and  dilemma  were  indeed  serious. 
The  cause  of  the  difficulty  was  perfectly  apparent;  namely,  the 
hard  spots  in  the  line  which  existed  at  the  hanger  points. 
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Many  suggestions  were  offered.  None  of  them,  however, 
offered  the  speedy  installation  that  was  paramount.  Mr. 
Mc Henry,  vice-president  of  the  New  York,  New  Haven  & 
Hartford  Railroad  Company,  made  the  suggestion  that  an 
auxiliary  wire  be  suspended  from  the  present  copper  wire 
(Fig.  2)  by  clips  at  its  midpoint  between  the  hangers,  and 
followed  it  with  the  suggestion  that  this  auxiliary  wire  be  made 
of  steel,  of  the  same  cross-section  as  the  0000  grooved  hard-drawn 
copper  wire  above  it.  It  took  two  weeks  for  the  manufacturer  to 
draw  two  miles  of  this  wire.  It  was  installed  immediately  upon 
its  receipt  on  the  main  line  between  Port  Chester  and  Harrison. 
On  the  night  of  its  completed  erection  a  special  seven-car  train 
with  two  locomotives  was  operated  upon  it  for  several  hours. 
Previously  to  the  installation  of  the  steel  wire  there  had  been 
installed  a  section  of  hard  alloyed  wire  suspended  in  a  manner 
similar  to  that  of  the  steel.  The  electric  train  was  operated  upon 
them  both,  officials  from  both  the  railroad  company  and  the  con- 
tracting company  being  on  hand  to  note  their  comparative 
merits.  It  was  the  consensus  of  opinion  that  there  was  less 
sparking  on  the  hard  wire,  and  the  general  tendency  was 
towards  adopting  that  rather  than  the  steel.  Though  ad- 
mitting that  the  operation  was  better,  the  steel  seemed  to  be  of 
an  entirely  satisfactory  commercial  nature,  and  all  present 
finally  concurred  in  this  conclusion.  It  is  undeniably  true  that 
hard  alloyed  wire  would,  from  a  purely  operative  point  of  view,  be 
the  better  of  the  two,  and  yet  the  commercial  aspect,  which 
would  naturally  include  its  cost,  had  to  be  considered,  par- 
ticularly in  reference  to  so  large  an  immediate  order  as  one 
involving  100  miles  of  single-phase  electric  trackage.  Again 
it  is  important  to  note  that  the  steel,  besides  having  the  ad- 
vantage of  being  a  cheaper,  harder,  and  stiffer  wire,  also  pos- 
sesses a  lower  coefficient  of  expansion  and  higher  elastic  limit, 
especially  valuable  characteristics  for  the  service  desired.  We 
foimd  that  we  would  be  considerably  delayed  in  the  delivery  of 
the  steel,  but  an  immediate  order  of  20  miles,  followed  by  an- 
other for  40,  was  placed,  and  as  much  hard  alloyed  wire  put  up  as 
could  be  obtained  between  the  date  of  the  conclusion  to  use  the 
auxiliary  wire  and  the  final  arrival  of  the  first  shipment  of  steel. 
The  auxiliary  wire  construction  on  the  main  line,  as  described, 
prevails  throughout  the  whole  system,  except  at  the  approaches 
of  and  under  a  few  very  low  highway  bridges,  where  the  contact 
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system  consists  of  two  wires  strung  in  the  same  horizontal  plane. 

The  New  Haven  trains  have  been  operating  now  on  the 
auxiliary  wire  for  several  months,  and  absolutely  no  kinking 
has  been  noted  at  the  hanger  points,  with  the  attendant  result 
of  a  smooth  and  almost  sparkless  overhead  contact. 

Locomotives.  There  were  originally  purchased  36  locomo- 
tives, which  was  considered  an  adequate  number  to  take  care 
of  the  New  Haven  passenger  service.  These  locomotives,  con- 
sidered per  se,  were  rated  on  a  half-unit  basis.  That  is  to  say, 
the  half  unit  was  designed  to  handle  about  75  per  cent,  of  our 
trains,  the  remaining  25  per  cent,  to  be  handled  by  two  units. 
Only  a  short  experience  in  commercial  operation  revealed  two 
important  facts:  the  first  one  of  a  very  encouraging  nature; 
the  second,  decidedly  otherwise.  The  first  was  the  proof  that 
the  two  main  parts  of  the  locomotive;  namely,  the  transformer 
and  motors,  had  sufficient  capacity  to  more  than  handle  the 
manufacturer's  guarantees.  The  second  was  the  discovery  that 
many  of  the  auxiliary  electrical  and  mechanical  parts  of  the 
locomotive  equipment  were  not  of  equivalent  capacity.  The 
strength  of  the  chain  being  measured  always  by  its  weakest  link, 
it  was  immediately  seen  that  the  locomotives  would  be  able  to 
handle  trailing  loads  in  excess  of  their  guarantees  if  the  auxil- 
iary parts  were  made  of  sufficient  capacity  to  furnish  the  neces- 
sary current  for  the  overload  conditions.  It  was  simultaneously 
apparent  that  more  locomotives  would  be  required  to  provide 
for  an  increase  of  train  service  and  the  reduction  of  time  schedule, 
and  an  order  was  promptly  placed  for  .six  additional  ones; 
before  accepting  their  design,  however,  a  careful  survey  was 
made  of  all  the  component  parts  of  the  locomotives  at  hand, 
in  order  to  determine  the  changes  necessary  to  be  incorporated 
in  the  six  new  engines.  To  accomplish  this  it  was  found  neces- 
sary to  make  a  number  of  electrical  and  mechanical  changes, 
the  nature  of  which  is  apparent   in   the   following   tabulation: 

Mechanical  Electrical 

Air  Reservoir  System.     Revised.  Ammeters.     Revised. 

Battery.   Charging  relay  installed. 
Blowers.    Commutator  slotted 
Waste  rear  bearing. 
Boilers.     Installed.  Armature  laminations  ground. 

Bearing  raised  above  center. 
Motor  winding  revised. 
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Mechanical 
Stack  hood  removed. 


Bell  Rope.     Installed. 


BlovLcrs.     New  design  installed. 


Guide  on  present  damper  rod. 


Extra  guard  on  shutter. 


Bolster.     Reinforced  on  truck. 


Brakss.     New  release  spring. 


Cylinder  leads  lengthened. 


Check  nut  on  adjuster. 


Compressor.    Drip  pans  installed. 


Exhaust  pipe  installed. 


Air-cooled  cyhnder  head. 


Check-valve.     In  whistle  pipe 


Gauge,     On  oil  tank. 


Electrical 
Controller.     Bushing  riveted. 

Shoe    and    trolley    switch    in- 
stalled. 
Circuit-breaker,     Fused. 

Tank  bolt  secured. 

New  type  installed. 
Compressor,  Commutator  slotted. 

Armature  laminations  ground. 

New  governor  installed. 

Bearing  raised  above  center. 
Cut-out  Boxes.     New  drums. 
Fuse.         In     alternating-current 
heater  circuit. 

New  auxiliary  fuse  box  (wood- 
en.) 

Auxiliary     motors     separately 
fused. 
Grounding  sivitch.    Installed. 

Control  revised. 

Shutter  in  cover. 
Heater  su'itch.    Shield  installed. 
Heater  bus-bar  line.    Reinsulatid. 

Couplers  repaired. 
Headlight,     Adjusted  properly. 

Porcelain  switch  installed. 
Motors.     Holders  reinsulated. 

New  cross- connecting  leads. 

Housing  asbestos  lined. 

Linen  tape  on  commutator  end . 

Side    commutator   covers    \k*t 
forated. 

Perforated    S.    I.    commutator 
covers. 

Field  clamp  bolt  secured. 
Motor- generator.     New  switch. 
Preventive  coils.     Revised. 

Supporting  frame  revised. 
Direct-current  relay.     Connection 
to  *• — S"  switch. 

Washer  installed. 
Resistance,     Insulated. 

Capacity  increased. 

Connected  ahead  of  motor. 
Switch  group.    Revised  shunts. 

Revised  studs. 

Revised  arc  shields. 

Copper  reverse  switches. 

One-turn  blowout  coils. 

Air  ports  enlarged. 
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Mechanical 
On  steam  line. 


Journal-box.    Revised  gibbs. 


Quill-plate.     Washers  installed. 


Running-board.     On  roof. 


Semi-elliptic  springs.     14  leaf. 


Safety-valve.  On  control  resistance 


Safety-chain.     Made  heavier. 


Torque  rods.     Heavy  installed. 


Uncoupling  lever.     Revised. 


Pony  wheels.     Installed. 


Valve.     On  oil  line  to  boiler. 


Elbctrical 
Alternating  current  frames  in- 
sulated. 
Cylinder  aligning  set-screws. 
Reinforcing  wooden  strip. 
Interlocked  reverse  switches. 
Pitting  alternating  current 

switches. 
Group  covers  perforated. 
New  B.  O.  coil  pole  piece  alter- 
nating current. 
Switch.    Block  on  direct  current 
case. 
Main  switch,  connection  modi- 

field. 
Canopy   switch   handles   insu- 
lated. 
Shunt  remounted.    Direct  current 

ammeter. 
Trolleys.     Control  revised  (alter- 
nating current). 
Side    bearing    springs     (alter- 
nating current) . 
Insulate  back  cross-rod  (alter- 
nating current). 
Shield    for    high  tension    lead 

(alternating  current). 
Spring   shortened    (direct   cur- 
rent.) 
Insulator  filled  and  painted. 
Temperature  Indicators. 
Third-rail  shoes.     M.  I.  bracket. 
Pin  replaced  by  bolt. 
Jumper  installed. 
Shoe  levers  cut  off. 
Fuse  boxes — Refitted. 
Wattmeter.     (Auxiliary)  installed. 


The  most  important  electrical  changes  made  were  in 
the  switch-groups  and  brush-holders  of  the  motors.  The 
former  lacked  carrying  capacity  and  the  latter  sufficient 
insulation.  To  these  shortcomings  were  due  the  great- 
est number  of  our  first  train  delays.  The  most  important  me- 
chanical changes  necessary  were  the  reinforcement  of  the  truck 
bolsters  and  installation  of  pony  wheels  (see  Pigs.  4  and  3, 
respectively,  for  locomotives  with  and  without  pony  wheels). 
The  especial  reference  to  these  electrical  and  mechanical  changes 
must  not  be  construed  as  diminishing  in  any  way  the  force  of 
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necessity  of  the  others,  as  they  were  all  considered  absolutely 
necessary  in  order  to  preserve  a  low  cost  of  electrical  and 
mechanical  maintenance. 

With  the  exception  of  the  installation  of  pony  trucks,  the 
six  new  electric  locomotives  arrived  within  five  months  of  the 
date  of  their  order.  In  their  design  were  included  all  of  the 
changes  above  specified.  To  be  noted  here  is  the  marked 
value  of  the  spring  type  of  armature  and  field  suspension  begun 
with  the  New  Haven  locomotive  motors,  thus  making  flexible 
the  entire  motor  suspension.  Indications  already  predict  that 
this  arrangement  in  combination  with  the  pony  trucks  will 
reduce  materially  the  track  and  locomotive  maintenance 
and  repairs.  To-day  the  reconstruction,  as  above  described, 
has  been  effected  on  over  90  per  cent,  of    our   locomotives. 

This  last  and  serious  fault  with  which  we  had  to  contend 
completes  the  major  difficulties  that  were  constantly  threaten- 
ing the  regularity  of  electric  service. 

It  seems  to  be  the  time  and  place,  here,  to  draw  attention  to 
a  point  in  design  concerning  the  New  Haven  locomotives  that 
has  been  so  persistently  misrepresented  by  those  who  seem  to 
have  been  ignorant  of  the  facts.  The  specifications  upon  which 
the  locomotive  units  were  purchased,  as  stated  hereafter, 
were  that  each  unit  would  handle  a  normal  trailing  load  of  200 
tons.  The  writer,  by  careful  measurement  of  the  weights  of 
all  the  trains  (trailing  loads)  in  the  New  Haven  service,  found 
that  they  averaged  212  tons.  It  seemed  good  engineering 
if  75  per  cent,  of  the  service  could  be  handled  by  locomotives 
rated  upon  a  basis  of  200  tons  trailing  load,  that  that  would  be 
the  correct  locomotive  tmit  size;  using  two  units  for  the  remain- 
ing 25  per  cent,  of  the  trains.  To-day,  three  years  after  this 
decision,  we  find  that  73  per  cent,  of  our  trains  can  be  handled 
with  single  units,  27  per  cent,  requiring  two  units.  The  per- 
centage is  slightly  different  from  the  original,  as  the  service  is 
slightly  heavier. 

Coincident  with  the  use  of  the  first  double-unit  locomotive 
trains  there  was  started  a  rumor  that  the  New  Haven  locomo- 
tives did  not  have  the  capacity  for  which  they  were  designed. 
To  dispel  this  idea  forever,  I  judge  the  best  argument  is 
to  refer  to  Table  X,  wherein  are  stated  the  trains  whose  weights 
were  in  excess  of  the  trailing  loads  which  the  locomotives  were 
designed  to  carry. 

I  trust  that  the  above  clears  up  any  erroneous  ideas  co^- 
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cerning  the  capacity  of  the  New  Haven  locomotives,  and  will 
justify  the  future  double-unit  trains  entering  and  leaving  the 
Grand  Central  Station. 

Recapitulating,  I  believe  my  brother  engineers  will  agi:ee  that 
with  the  coincident  difficulties  described  in  our  power  house,  line, 
circuit-breakers,  trolley  wire,  and  locomotives,  the.  work  of 
instituting  electric  service  was  not  exactly  laid  over  a  bed  of 
roses.  These  are  the  serious  faults  the  system  possessed  and  the 
description  of  our  method  of  elimination  of  them  that  I  am 
glad  to  be  able  now  to  place  before  you.  We  cannot  blame  the 
public  for  making  the  complaints  they  have  against  the  New 
York,  New  Haven  &  Hartford  RaDroad  Company's  electric 
service,  for  to  the  traveling  public  there  is  nothing  so  exasperating 
as  a  train  delay.  It  is  fitting  here  also  to  say  how  appreciative 
the  engineers  of  the  New  Haven  road  feel  for  the  calm  and 
generous  suspension  of  judgment  on  the  part  of  those  engineers 
who  have  reserved  opinion  until  it  could  be  based  on  facts, 
which  time  only  could  so  demonstrate  as  to  permit  presentation. 
There  are  many  other  little  faults  and  difficulties  here  and  there 
throughout  the  system,  but  the  five  described,  though  not 
fundamental  in  their  effect,  since  they  have  been  removed,  were 
none  the  less  the  most  serious. 

The  Minqr  Faults 

Generator  burn-outs.  Previously  to  the  rearrangement  of  the 
feeders  or  the  installation  of  the  choke-coils  in  the  power  sta- 
tion, the  short-circuits  that  were  experienced  on  the  line  naturally 
had  a  deleterious  effect  on  the  generators.  The  prodigious 
rush  of  current  naturally  produced  severe  strains  in  the  arma- 
ture windings,  strains  whose  mechanical  intensity  was  made 
manifest  by  the  movements  of  the  coils.  Therefore,  during 
this  period  of  violent  short-circuits,  frequently  the  gen- 
erator coils  were  grounded  and  burned  out.  Since  the  re- 
arrangement of  feeders  or  the  installation  of  choke-coils,  the  vio- 
lent short-circuits  have  disappeared  and  with  them  the  damaging 
effects  on  the  generators.  It  has  been  found  advisable,  from 
time  to  time,  to  connect  different  generator  terminals  to  the 
line.  By  this  arrangement  the  three  phases  of  the  generators 
are  in  turn  worked  equally. 

Distribution.  Although  the  arrangement  of  the  line  in  its 
present  feed  and  trolley  connections  (Fig.  5)  effects  the  highest 
economy  in  loss  of  power  by  transmission,  it  is  questionable  to 


Digitized  by  VjOOQIC 


16.11 


MURRAY:  ELECTRIFICATION  OF 


[Dec.  11 


NMViaOOM 


3113 HOOd  M3N 


d 


>I93N0UVI«VVN 


U3183M01UOd 


d 


d 


QC^C^ 


QQQ 


d 


Q 


d 


a: 

CO 

t: 

O         - 


o 

11 

i  I 


s  X 


800  800 


auodi«vvi8 


Digitized  by  VjOOQIC 


1908]  NEW  HAVEN  RAILROAD  1636 

my  mind  whether  this  economy  is  worth  some  of  the  disad- 
vantages which  accrue  from  this  arrangement.  Until  we  had 
experienced  the  heavy  current  surges,  due  to  short-circuits,  it 
seemed  reasonable  that,  should  a  short-circuit  occur  on  the  line, 
the  two  circuit-breakers  which  immediately  fed  that  short-circuit 
would  be  the  ones  to  respond.  We  were  quite  correct  in  this 
conclusion,  but  did  not  go  far  enough,  as  other  circuit-breakers 
seemed  to  feel  it  their  duty  to  relieve  the  situation  and  their 
location  with  respect  to  the  correctly  involved  breakers  was 
quite  varied.  Of  course  the  ideal  condition  would  be  to  have 
only  the  two  breakers  adjacent  to  the  short-circuit  open,  as  by 
this  arrangement  the  voltage  would  remain  on  all  trolley  wires 
except  the  one  in  which  the  ground  is  involved.  This  opera- 
tion can  be  effected,  and  at  tlie  time  of  this  writing  an  effort  is 
bein^  made  to  obtain  these  results  in  practice. 

A  method  of  line  transmission  (Fig.  2)  less  efficient  than  that 
described  in  the  previous  paragraph  (using  the  same  amount  of 
copper  for  each  case)  is  one  in  which  each  track  has  its  own 
individual  voltage  supplied  to  it  and  is  kept  separate  from  the 
other  trolleys. 

Contact  wire.  While  the  auxiliary  wire,  as  previously  de- 
scribed, was  the  panacea  of  our  difficulties,  and  has  given  an 
excellent  account  of  itself  since  having  first  been  placed  in 
operation,  it  is  fair  to  believe  that  an  even  more  sparkless  opera- 
tion can  be  obtained  from  an  auxiliary  wire  which*  instead  of 
being  attached  by  a  rigid  clip  to  the  overhead  copper  conductor, 
is  simply  suspended  from  it  by  a  loop,  thus  permitting  the 
contact  wire  to  rise  slightly  as  the  upper  pressure  of  the  panta- 
graph  shoe  travels  along  its  surface.  The  contact  wire  should 
be  anchored  by  turn-buckles  to  permit  slacking  and  straining 
of  the  wire  in  winter  and  summer  seasons,  respectively. 

Hard  spots  in  line.  Irregularities  in  the  contact  wire  may 
be  due  to  two  causes.  First,  those  that  exist  in  the  wire  as  it 
is  manufactured;  secondly,  those  formed  on  account  of  hard 
spots.  The  former  can  be  taken  out;  if  not,  they  are 
usually  ironed  out  in  the  course  of  the  operation  of  the  shoe  on 
the  trolley.  The  three  principal  sources  of  hard  spots  are 
hangers,  section  breaks,  and  deflectors. 

1.  It  has  been  shown  in  the  foregoing  how  the  hanger  hard 
spots  have  been  eliminated. 

2.  The  original  main-line  section  break  consisted  of  a  rect- 
angular impregnated  wood  frame  suspended  under  the  anchor 
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bridges.  The  trolley  wires  were  carried  on  opposite  sides  of 
this  rectangle  lapping,  of  course,  a  sufficient  distance  in  the 
center  to  permit  a  short  period  of  simultaneous  contact  of 
the  shoe  with  both  wires,  thus  preserving  continuity  of  cur- 
rent to  the  locomotive  in  passing  from  one  section  to  another. 
It  was  found  that  these  rectangular  section  breaks  were  prone 
to  get  out  of  shape,  introducing  a  very  rough  spot  in  the  line, 
its  effect  being,  on  the  passage  of  the  shoe,  to  draw  long  arcs 
which  frequently  extended  themselves  to  ground.  Our  new 
section  break.  Figs.  7  and  8,  containing  all  the  flexibility  ob- 
tained by  the  auxiliary  wire,  has  been  constructed  by  simply 
staggering  the  messenger  insulators  of  each  trolley  wire  16  in.,  thus 
permitting  the  anchor  bridge  trolley  wires  of  the  same  track  to 
pass  at  this  distance.  Each  trolley  wire  is  dead-ended  to  a  wood 
impregnated  stick  insulator,  supported  by  the  messenger  of  its 
opposite  section.  By  this  arrangement  practically  all  inertia 
is  taken  out  of  the  section  break  and  a  sparkless  passage 
between  sections  is  obtained. 

3.  The  auxiliary  wire  construction  has  been,  of  course,  applied 
to  the  deflectors,  and  this  has  greatly  reduced  the  tendency  to 
spark  at  these  points.  In  order  to  prevent  the  pantagraph 
shoe  from  engaging  the  wrong  trolley  wire  at  turn-outs  on  di- 
verging tracks,  the  mesh  construction  of  the  overhead  frog  has 
up  to  this  time  been  tHe  only  solution,  but  this  method  seems 
unduly  cumbersome  and  even  a  greater  improvement  is  antici- 
pated than  that  secured  by  the  application  of  the  auxiliary  wire. 

Signal  wires.  The  catenary  bridge  struts  carrying  the  cross- 
arms  for  the  by-pass  or  feeder  wires,  likewise  carry  the  cross- 
arms  upon  which  are  installed  the  signal  wires.  The  voltage 
placed  on  these  signal  wires  is  entirely  distinct  from  the  propul- 
sion voltage,  it  being  2200  volts  and  60  cycles.  The  proximity 
of  the  wires  of  these  two  systems  has  been  the  cause  of  short- 
circuits  between  them,  resulting  in  double  failures.  It  would 
seem  that  as  the  signal  system  should  be  so  completely  separated 
from  the  propulsion  system,  it  should  be  installed  on  an  en- 
tirely separate  pole  line.  If,  however,  right-of-way  conditions 
make  it  absolutely  necessary  that  the  supporting  structures  of 
the  catenary  system  should  support  also  the  signal  wires,  then 
the  two  circuits  should  be  made  as  distinctive  as  possible,  the 
propulsion  system  having  its  wires  on  the  cross-arms  on  the 
railroad  side  of  the  struts,  the  signal  wires  being  installed  on  the 
opposite. 
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Locomotive  current  collectors.  An  efficient  pantagraph  shoe 
has  proved  itself  a  very  difficult  problem.  The  present  cost  is 
about  .06  of  a  cent  a  locomotive-mile.  We  have  made  various 
experiments  with  aluminum,  phono,  copper,  and  steel  rigid  and 
spring-supported  pantagraph  shoes.  While  this  feature  does 
not  present  a  serious  aspect,  it  is  none  the  less  a  most  interesting 
study.  Shoe  life  is  also  seriously  affected  by  the  amount  of  soot 
deposited  by  the  locomotives  upon  the  overhead  wire.  While 
we  have  obtained  mileages  varying  between  600  and  1500 
per  shoe  with  various  tjrpes  used,  other  roads  of  lesser  speed  and 
not  subject  to  the  effect  of  locomotive  stack  discharges,  have 
obtained  as  high  as  25,000  shoe-miles. 

Thb  Log  op  Operation 

Electric  passenger  service.  So  great  was  the  demand  for  elec- 
tric service  that  in  July,  1907,  long  before  we  were  ready,  as  the 
records  of  our  operation  have  proved,  the  first  commercial  ser- 
vice was  begun  between  New  Rochelle  and  the  Grand  Central 
Station.  With  all  speed  possible  the  electrification  was  pushed 
eastward  and  local  service  was  established  from  Port  Chester 
in  August.  1907.  Local  service  from  Stamford  followed  in 
October,  and  finally,  on  July  1,  1908,  all  through  and  local  pas- 
senger trains  were  under  electric  schedule  between  Stamford 
and  the  Grand  Central  Station.  It  is,  therefore,  beginning  from 
this  date  of  July  1,  1908,  that  I  have  compiled  data  of  our  opera- 
tion as  taken  from  our  records.  We  are  not  proud  of  it,  but  we 
believe  that  you  now  know  of  some  of  the  obstacles  that  stood 
in  the  way  of  its  immediate  betterment  at  that  time. 

Comparison  between  steam  and  electric  service.  It  had  been  the 
hope  of  the  writer  to  be  able,  even  at  this  early  date,  to  make 
an  absolute  comparison  between  electric  service  and  the  steam 
service  which  it  has  replaced  between  Stamford  and  New  York, 
including  all  passenger  trains.  On  account  of  the  speeci  re- 
strictions that  have  been  introduced  on  the  electric  service 
until  all  locomotives  have  been  reconstructed  with  the  new 
pony  truck  equipment,  it  is  impossible  to  compare  train-minute 
delays,  for  the  reason  that  steam  locomotives  are  permitted 
to  make  up  time  while  to  electric  locomotives  this  privilege 
is  denied.  Later,  when  this  restriction  is  removed,  and  espec- 
ially after  a  period  of  time  more  extensive  than  that  offered  by 
the  present  comparatively  short  period  of  operation,  these  data 
can  be  presented.     Particularly  worthy  of  notation  here  in  com- 
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TABLE  I. 
Train-Minutbs  Dblay  During  July,  190S. 


Day 

Power 
house 

Line 

Locomo- 
tive 

Total 

Cause  of  deUy 

1 

40 

40 

Third-nui  shoe.  Air  hose,  thiitl-rail.  Train-line 
hose.  One  motor  of  locomotive  grounded. 
Third-nul  shoes. 

2 

34 

34 

Third-rail  shoes. 

3 

20 

20 

Change-over  switch  direct-current  fuses 

4 

3 

3 

Pantagraph. 

5 

No  delays. 

6 

15 

15 

Circuit- breaker. 

7 

No  delays. 

8 

67 

3 

60 

No  power  in  direct-current  rail. 

0 

15 

16 

Direct-current  switch  grounded. 

10 

13 

13 

Oil  circuit- breaker.   No  power  in  dircct-curtent 

rail. 
No  delays. 

11 

12 

16 

16 

Control  current  from  storage- batteries  low. 

13 

No  delays. 

14 

Over  300  train-minutes. 

15 

4 

72 

72 

Circuit-breaker.  Preventive- coil  ground.  PanU- 
graph.  Third-rail  switch.     Motorman  failure. 

16 

Over  300  train-minutes. 

17 

12 

29 

41 

Insulator  on  foreign  line  broke.  Change-over 
switch  alternating-current  coasting  over  gap 
at  new  bridge. 

IS 

7 

7 

Direct  current  fuses.  Stopping  on  gap  at  bridge. 

19 

34 

47 

81 

Line  circuit- breaker.     Pantagraph. 

20 

Over  300  train-minutes. 

21 

43 

15 

58 

Line  circuit-breaker.  Transformer  grounder!  on 
locomotive. 

22 

44 

44 

Alternating-current  controller.    Pantagraph. 

23 

41 

41 

Pantagraph. 

24 

3 

3 

Alternating-current  controller. 

25 

f     •  ■ 

124 

124 

Pantagraph.  Direct- current  fuse.  AltcmatinK- 
current  controller.  Change-over  switch. 
Motor  grounded. 

26 
27 

28 

•• 

Over  300  train-minutes. 
... 

30 

30 

Pantagraph.     Groimded  blower. 

29 

8 

19 

27 

Circuit-breaker  (line).  Transformer-lead  ground 
on  locomotive. 

30 

16 

16 

Circuit- breakers. 

31 

21 

21 

Third-rail  shoes.  Alternating-current  switch. 
Pantagraph. 

Digitized  by  VjOOQIC 


1908] 


NEW  HAVEN  RAILROAD 


1641 


TABLE  II. 
Train-Minutbs  Dblay  During  August,  190S. 


Day 

hotiae 

Line 

Locomo- 
tive 

Total 

Catise  of  delay 

1 

5 

3 

8 

Circuit-breakers  (line).    Third-rail  shoes. 

2 

7 

7 

Heavy  train. 

3 

12 

12 

Third  rail  shoes.   Air  hose.    Pantagraph. 

4 

No  delays. 

5 

12 

10 

22 

Pantagraph.   Motor  ground.  Third-rail  fuses. 

6 

Over  300  train-minutes. 

7 

No  delays. 

8 

Over  300  train-minutes. 

9 

43 

43 

Circuit-breakers. 

10 

220 

28 

248 

Circuit-breakers  Oine).  Locomotive  circuit- 
breakers.  Alternating-current  switches.  Re- 
sistance lead. 

11 

67 

26 

83 

Circuit- breakers  (line).  Change-over  switch. 
Pantagraph. 

12 

5 

2 

7 

Line  circuit- breakers  open.  Hot  tire. 

13 

No  delays. 

14 

19 

19 

Insulator. 

15 

6 

6 

Control  (Alternating-current).  Direct-current 
circuit-breaker. 

16 

64 

64 

Insulator. 

17 

3 

43 

46 

Circuit- tweaker  open  (line).  Ground.  Direct - 
current  shoes.  Pantagraph.  Preventive  coil 
ground.    Direct-current  relay. 

18 

1 

13 

14 

Insulator.    Line.    Air  hose.   Third-rail  shoe. 

10 

No  delays. 

20 

«               m 

21 

8 

8 

Hot  box.    Alternating-current  control. 

22 

1 

13 

14 

Instilator.  Line.  18  in.  water direct-cuiTcnt  zone. 

23 

5 

5 

Insulator.     Line. 

24 

5 

15 

20 

Ground  on  signal  wires.     Pantagraph. 

25 

32 

41 

73 

Open  circuit-breaker  (line).  Insulator  (line). 
Hot  box.  Grounded  motor.  Third  rail. 
Third-rail  shoe. 

26 

73 

73 

Grounds  developed  by  flood  direct-current  zone 

27 

64 

64 

28 

69 

1 

70 

Turbine  failure.    Third-rail  shoe. 

29 

63 

22 

85 

Turbine  failure.  Engine  dispatcher.  Grounded 
motor. 

30 

.. 

6 

6 

Heavy  train.   Low-voltage  direct-current. 

31 

•• 

14 

14 

Grounded  compressor.  Low-voltage  direct- 
current. 
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TABLE  III. 
Train-Uinutbs  Dblat  During  Sbptbubbr.  1908. 


Day 

Power 
houae 

Li 

Locomo> 
ine          tiv 

Total 

Cauae  of  delay 

1 

, , 

4 

4 

Compraaaor.     Pantasraph. 

2 

9 

9 

Alrhoae. 

8 

] 

5             18 

83 

Line  ground.    AltemaUng-curmt  switch. 

4 

26 

26 

AltematJng-cttrrent  oontrol.      Low-voltase  di 

Thiid-taa  ahoea— Ground   diTect-current 
switdi. 

5 

4 

4 

Open  ctrcttit^Draakar. 

6 

3 

3 

Low-voltase  direct-current. 

7 

10 

10 

ihiiu-tail  fuaea. 

8 

Over  300  train-minutea. 

9 

3 

3 

Line  ground. 

10 

. 

NodeUya. 

11 

7 

7 

DirBct-current  switch  ground. 

12 

19 

19 

Motor  ground. 

13 

2               5 

7 

Line     ground.       Low- voltage    direct-current. 
Pantagraph. 

14 

8 

8 

Pantagrapha.   Alternating-current  relay. 

15 

8 

8 

Preventive  coil.    Third-rail  gap. 

16 

4 

4 

Preventive  coil. 

17 

28 

28 

Locomotive  wheels  off  track  (pony  truck). 

18 

No  deUys. 

19 

9 

0 

Preventive  coil.     Signals. 

20 

1 

1 

Third  nil  ahoea. 

21 

2 

2 

Third  rail  ahoes. 

22 

10 

10 

Hot  Ure. 

23 

32 

32 

24 

3 

3 

Hot  box.     Direct -current  shoes. 

25 

ZO 

20 

atcuit-bieaker  (line). 

26 

Over  300  train-minutes. 

27 

■ 

L6 

16 

28 

• 

4               8 

12 

Signal  wires.  Pantagraph— Third-rail  shoe. 

29 

3              10 

13 

Ojwn    arcuit-breakers.       I^ioomotlTe    jumper 
grounded. 

30 

4 

4 

Line  ground. 
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TABLB  IV. 
Tkain-Minutbs  Dblat  Durikg  Octobbr.  1908. 


Day 

Power 
houae 

Line 

Locomo- 
tive 

Total 

Cause  of  delay 

1 

18 

18 

Nipple  broken  on  train  line  iiipe. 

2 

No  delays. 

3 

3 

3 

Motor  gnnmd. 

4 

14 

1 

16 

Splicing  ear.     Direct  current  shoes. 

5 

7 

7 

Pantagraph.     Altemattng-current  switch. 

tt 

4 

4 

Change-over 

7 

9 

9 

Alternating  current  switch.     Air  hose. 

9 

10 

10 

Direct-current  fuses.    Third-rail  shoes. 

9 

22 

4 

26 

Circuit-breaker  open.  Direct- current  switch. 
Direct-current  shoes  (third  rail). 

10 

61 

61 

Open  circuit-breakers. 

11 

No  delays. 

12 

9 

9 

Pantagraph.   Motor  ground.  Brakes  sticking. 

13 

4 

4 

Direct-current  relay.  Pantagraph.  Low  direct- 
current  voltage. 

14 

3 

3 

Open  circuit-breaker. 

15 

15 

15 

Line  ground. 

16 

Over  300  train-minutes. 

17 

9 

9 

Pantagraph.  Control,  direct-current. 

18 

No  delays. 

19 

10 

10 

Direct-current  cinmit-breaker.  Direct-current 
control. 

20 

4 

4 

Insulator. 

21 

3 

3 

Open  circuit-breaker. 

22 

5 

5 

Grid  resistance. 

23 

10 

10 

Air  hose. 

24 

3 

3 

Thiixl-rail  shoes. 

25 

No  delays. 

26 

70 

19 

89 

Grounded  insulator.     Hot  box. 

27 

64 

19 

73 

Hot  box.     Insulator  breakdown.     Line  ground. 

28 

63 

63 

Direct-current  resistance  ground.  Hot  box. 
Pneumatic  control. 

29 

31 

82 

113 

Man  failure.  Grounded  feeder.  Direct-current 
circuit-breaker.  Motor  ground.  Direct-cur- 
rent switch  ground.  Alternating-current 
switch.    Third  rail  gap. 

30 

42 

42 

Direct-current  switch  ground.     Man  failure. 

81 

12 

12 

graph. 
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paring  steam  and  electric  passenger  service,  is  the  fact  that 
while  the  operation  of  the  power  house  does  not  differ 
from  that  of  ordinary  practice,  there  is  a  marked  individ- 
uality (which  initiative  always  brings),  in  connection  with  the 
operation  of  the  line  and  locomotives.  While  every  credit  is 
due  the  present  organization  charged  with  the  responsibility  of 
line  and  locomotive  operation,  it  cannot  be  forgotten  that  these 
two  main  links  of  the  system  are  essentially  new  in  their  adapta- 
tion to  the  heavy  conditions  presented  by  the  New  York, 
New  Haven  &  Hartford  train  service.  Operation  of  this  char- 
acter is  so  far  beyond  the  scope  of  previous  experience  that  it 
was  absolutely  impossible  to  foresee  and  prevent  all  contingen- 
cies. The  methods  for  the  prevention  of  failure  and  delay  were 
necessarily  based  upon  the  results  of  actual,  practical  operation. 

Individual  and  collective  train-minute  delays  in  electric  zone, 
due  io  failures  in  power  house,  line,  and  locomotive.  Tables  I, 
II,  III,  and  IV  are  self-explanatory,  and  the  charts  shown  in 
Figs.  9,  10,  11,  and  12  that  immediately  follow  represent 
graphically  the  data  included  in  the  tables. 

The  segregation  of  these  failures  based  upon  train-minute 
delays  offers  a  quick  and  interesting  comparison.  It  is  to  be 
noted  that  the  last  two  months  indicate  a  great  improvement 
over  the  two  preceding  ones.  From  the  chart  have  been  taken 
the  train-minute  delays  that  have  amounted  to  over  300  minutes 
per  diem,  which  are  treated  separately  in  the  following  para- 
graph. My![reason  for  doing  this  is  to  make  the  data  inclusive 
of  ordinary  operating  days,  in  order  to  get  the  monthly  com- 
parison of  train-minute  delays  for  what  might  be  termed  ordi- 
nary service.  It  is  interesting  in  reviewing  the  "  cause  of  delay  " 
in  this  table  to  note  that  90  per  cent,  of  the  causes  are  of  an 
inconsequent  nature,  and  might  be  reasonably  expected  when 
considered  in  the  light  of  an  initiative  service. 

Serious  failures  in  system  causing  over  300-mi«u^e  delays.  It 
is  to  be  noted  that  these  failures  are  indicated  by  the  dates  of 
July  14,  16,  20,  26  and  27;  August  6,  and  8;  September  8  and  26, 
and  October  19.  A  description  of  the  cause  of  one  applies  to 
all  of  them,  except  those  of  July  16  and  October  19.  In  every 
instance,  excepting  the  two  dates  mentionAf,  the  tie-up  was 
due  to  simultaneous  failure  of  several  circuit-breakers,  owing 
to  a  short-circuit,  thus  temporarily  disorganizing  the  distributing 
system,  by  preventing  the  electrification  of  trolley  wires. 

On  July  16,  the  White  Mountain  Express  left  the  rails  just 
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TABLE  V. 
LocoMOTivB  Daily  Rbports,  July.  1908. 


Date 


Reoon- 

struc- 

tioa 


Experi- 
mental 
&  test 


Tnxcks 

m- 
stalled 


In- 
spec- 
tion 


Re. 

pain 


No. 

of 

traiat 


Cause  of  repairs 


1 
2 
3 
4 
5 
6 
7 
8 
0 
10 
11 
12 

13 
14 

15 

16 
17 
18 


19 

2 

20 

2 

21 

3 

22 

3 

23 

2 

24 

2 

26 

2 

26 

27 

2 

28 

2 

29 

2 

30 

1 

31 

1 

Total 

38 

Av». 

1.41 

HOL IDAY 


SATU 


RDAY 


SATU 

1 


SUN 


2 
0.074 


RDAY 


1 

1 
1 
1 
1 
DAY 

1 
1 
1 
1 
10 
0.37 


19 
0.71 


136 
142 
148 

81 
140 
135 
135 
185 
135 


1 

1 

2 
34 
1.26 


09 


1 

.. 

135 

•• 

2 

135 

1 

3 

135 

3 

1 

132 

2 

135 

1 

2 

68 

. . 

3 

135 

135 

135 
135 
135 
137 


133 
133 
133 
133 
135 


Grounded  motor. 


Loose  tire. 
Loose  tire. 


Trucks  (1)    groimded    switch 
group  (1). 


Direct-current  shunt  burned 
out  (1).  Tramming  truck 
(1).  Change-over  switch 
grounded  (1). 

Broken  axle  (1).  Changing 
spxing-hangers  (1) 

Broken  axles  (1).-    Short-cir- 
cuited  commutator   (1). 
Grounded   transformer  (1). 

Broken  axle. 

Trucks  (1)  slipped  tires. 


Hot  box  (1).  Changing  motors 
(1). 

Trucks  (1).  Burned-out  trans- 
former (1).  Change-over 
trouble  (1). 

Transformer     grounded     (3). 
Blower  and   compressor 
motors  grounded  (1). 


Motor  trouble  (1).    Trucks. 

Trucks. 

Motor  leads  burned  off. 

Motor  leads  burned  off. 

Side  motion. 

Trucks. 

Trucks  (1).    Loose  tires  (1). 
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TABLE  VI. 

LocoMOTivB  Daily  Rbports 

.  August,  1906. 

Date 

Recon- 
struc- 
tion 

Experi- 
mental 
&  test 

Tnick« 

in- 
stalled 

In- 
spec- 
tion 

Re- 
pairs 

No. 

or 

trains 

Cause  of  repairs 

1 

1 

1 

1 

141 

Trwdcs. 

2 

SUN 

DAY 

3 

4 

2 
2 

1 

2 

135 
133 

Truck    springs    (1).       Blower 
motors  (1). 

5 

1 

• 

1 

1 

134  ' 

6 

1 

2 

1 

131 

Changing  motors. 

7 

2 

133 

Trucks  and  reconstruction. 

8 
9 

1 

1 
SUN 

DAY 

2 

136 

No.  1  Main  Reservoir  leaking. 
Trucks  and    reoonptructaoii 
(1). 

10 

1 

1 

135 

11 

1 

1 

1 

133 

12 

1 

•• 

•• 

3 

133 

(1).  Loose  tires  (1).   Trucks 

13 

1 

1 

133 

Trucks  and  reconstruction. 

14 

1 

1 

134 

Waiting  for  wheete  from  Read- 

ville. 
Waiting  for  wheek  from  Read- 

ville. 

15 

1 

1 

138 

16 

SUN 

DAY 

17 

1 

1 

1 

2 

133 

Direct-current     rfioc      cables 
wheeU  from  ReadviUe  (1). 

18 

1 

3 

133 

Circuit-breaker  trouble  (I).  Di- 
rect-current    shoe      cables 
grounded.         Waiting     for 
wheels  from  ReadviUe  (1). 

19 

1 

133 

Waiting-wheels.  ReadviUe. 

20 

1 

1 

133 

Changing  compressor. 

21 

2 

1 

133 

22 

2 

2 

137 

23 

SUN 

DAY 

24 

2 

135 

Grounded  motor. 

25 
26 
27 

28 
20 

2 
2 
2 

2 
2 

2 
0 
5 

2 
2 

133 
133 
133 

133 
141 

Grounded  motor  (1 ).  Ground- 
ed armature  (1;. 

Grounds,  due  flood.  N.  Y. 
Central  zone. 

M-1  switch-group  grounded. 
Grounds,  due  flood— N.  Y. 
Central  cone  (4). 

Grounds,  due  ffood — N.  Y. 
Central  zone. 

Grounded  motors  (2). 

30 

SUN 

DAY 

31 

2 

1 

143 

Total 

36 

3 

6 

10 

45 

3502 

(Total  daily  trains). 

AvK. 

1  30 

0.11 

0.23 

0.30 

1.73 

135 

(Average) 
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TABLE  VII. 
Locomotjvb  Daily  Rbports,  Sbptbmbbr.  IGOH. 


Date 

Recon- 

struc- 
tkm 

Expeii- 
mental 
&  test 

Trucks 

in- 
stalled 

In- 

Re- 
pairs 

trains 

Cause  of  repairs 

1 

2 

1 

. 

137 

2 

2 

1 

1 

136 

Grotmded  motor. 

3 

2 

1 

1 

134 

4 

2 

1 

139 

Grounded  motor. 

5 

1 

1 

148 

Grounded   compressor  motor. 

6 

SUN 

DAY 

7 

LABO 

R  DAY 

8 

2 

1 

143 

9 

2 

1 

138 

10 

2 

2 

138 

11 

2 

1 

1 

137 

M-1    Switch   grounded. 

12 

2 

1 

140 

M-1    Switch   grounded. 

13 

SUN 

DAY 

14 

2 

2 

129 

16 

2 

2 

126 

16 

2 

1 

1 

126 

17 

3 

2 

1 

126 

18 

3 

2 

1 

126 

Trucks. 

10 

3 

2 

130 

• 

20 

SUN 

DAY 

21 

3 

2 

130 

Change-over  switch  grounded. 

22 

2 

2 

2 

127 

Change-over  switch  grounded. 

23 

2 

2 

126 

Change-o\'er  switch  grounded. 

24 

3 

3 

126 

25 

2 

2 

126 

Sharp  flanges. 

26 

3 

2 

128 

27 

SUN 

DAY 

28 

8 

2 

128 

29 

3 

2 

126 

30 

8 

2 

126 

Total 

68 

2 

41 

5 

10 

3295 

(Total  daily  trains.) 

Avg. 

2.32 

0.08 

1.64 

0.20 

0.40 

132 

(Average.) 
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TABLE  VIII. 
Locomotive  Daily  Rbpokts.  October .  1908. 


Date 

Recon- 
struc- 
tion 

Experi- 
mental 
&  test 

Trucks 

in- 
staUed 

In- 

Re. 
pairs 

No. 

of 

trains 

Cause  of  repairs 

1 

3 

2 

126 

2 

3 

2 

126 

3 

3 

2 

129 

4 

SUN 

DAY 

5 

3 

2 

126 

6 

3 

2 

124 

7 

3 

2 

124 

8 

3 

1 

125 

Sharp  flanges. 

0 

8 

2 

125 

10 

8 

2 

129 

11 

SUN 

DAY 

12 

3 

2 

125 

13 

3 

2 

126 

14 

3 

2 

124 

15 

8 

2 

124 

16 

3 

2 

124 

17 

3 

•   . . 

2 

126 

18 

SUN 

DAY 

19 

3 

3 

125 

20 

3 

2 

1 

124 

Turning  flanges. 

21 

3 

.. 

3 

126 

22 

3 

3 

124 

23 

3 

2 

1 

125 

Grounded  motor. 

24 

3 

2 

126 

25 

SUN 

DAY 

26 

3 

3 

125 

27 

4 

2 

124 

28 

4 

3 

124 

29 

4 

2 

124 

30 

3 

3 

124 

31 

3 

3 

126 

Total 

84 

60 

3 

3880 

(Total  week-day  tnOns.) 

Avg. 

3.10 

0.28 

2.22 

0.11 

1250 

(Avwage.) 
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TABLE  IX. 
Blbctric  Locomotivb-Milbagb  Data  for  Sbptbmbbr  5,  1908. 


No.  of 
Engine 

No.  of 

runs  made 

Main  Line 
Mileage 

01 

....  In  shop  

02 

7    

238 

03 

. .. .     7    

230 

04 

7    

206 

05 

. . . .     4    

136 

06 

....  In  shop  

07 

4    

Ill 

08 

.  .  .     3    

102 

09 

8    

256 

010 

. ..  .     8    

264 

Oil 

.  .. .     6    

170 

012 

7    

106 

013 

. ..  .     8    

246 

014 

Q    

188 

015 

8    

247 

016 

5    . : 

162 

017 

....  In  flfaop  

018 

. ,. .     5    

136 

019 

10    

340 

020 

6    

188 

021 

8    

264 

022 

7    

204 

023 

9    

306 

024 

.  ..  .     4    

136 

025 

. ..  .     7    

222 

026 

.  ..  .     8    

264 

027 

0   

306 

028 

8    

272 

029 

6    

196 

(nn 

6    

188 

031 

. ..  .     8    

272 

032 

6    

187 

033 

, .  .     3    

102 

034 

4    

135 

035  . 

8    

272 

036 

.  ..  .     4    

136 

037 

7    

238 

n3A 

6    

196 

mo 

7    

230 

040 

7    

238 

(\A\ 

.  . .     8    

272 

Total 

248    

8051 

Average 

5  5  

212 

Main  line  mileage  does  not  include  switching, 
Maximimi  mileage  made.  340. 
Average  mileage.  212. 
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east  of  Greenwich  station,  tying  up  both  east-bound  tracks,  and 
causing  excessive  train-minute  delays.  Except  for  the  electric 
rail-bonds  which  suffered  destruction,  no  other  electrical  ap- 
paratus was  disturbed.  One  of  the  electric  locomotives  attached 
to  this  train  was  immediately  returned  to  service,  the  other  fol- 
lowing it  the  next  day  after  light  repairs  were  made  to  its  pilot 
and  third-rail  shoe  mechanism. 

On  October  19,  although  the  impedance  coils  in  the  generator 
station  were  in  action,  a  ground  occurring  on  the  bus-bars  of 
the  anchor  bridge  directly  outside  of  the  power  station,  in  com- 
bination with  a  defective  circuit-breaker,  produced  a  short- 
circuit  which  destroyed  the  operating  mechanism  of  the  breaker 
in  question.  This  unfortunately  occurred  at  a  time  when  tem- 
porary connections  had  been  made  between  the  power  house 
and  line;  on  this  account  a  serious  delay  was  experienced  in 
restoring  the  voltage  to  the  line. 

It  is  interesting  to  note  that  since  the  complete  inauguration 
of  electric  service,  the  serious  failures  in  the  system  have  been 
reduced  from  five  to  one. 

Engine  repairs.  Under  **  faults  "  is  described  the  necessity 
in  detail  of  our  engine  reconstruction.  Since  100  per  cent,  ser- 
vice has  been  established,  it  has  occurred  to  me  that  the  shop 
reports  concerning  the  daily  number  of  engines  which  are  out  of 
service  on  account  of  repairs  or  for  other  reasons,  would  be 
interesting.  On  account  of  the  reconstruction  being  done  on 
the  locomotives,  it  has  been  found  necessary  to  give  up  on  an 
average  three  electric  locomotives  at  Stamford  and  three  at 
New  Haven,  the  new  bogie  trucks  being  installed  on  the  engines 
at  New  Haven.  Thus  out  of  41  locomotives  we  have  had  only  35 
to  handle  the  complete  passenger  service.  This  has  resulted 
in  requiring  that  the  New  Haven  locomotives  handle  the  ser- 
vice with  virtually  no  spare  engines.  An  examination  of 
Tables  V,  VI,  VII  and  VIII,  under  columns  "  Inspection  "  and 
"  Repairs  ",  indicating  how  few  have  been  the  engines  in  the 
shop  for  the  past  three  months,  is  an  attest  of  this  requirement. 

The  capacity  of  the  electric  locomotive.  The  capacity  of  the 
electric  locomotives  was  based  upon  their  ability  to  handle  a 
trailing  load  of  200  tons  in  local  service  with  stops  averaging 
those  that  exist  between  stations  from  New  York  to  New 
Haven.  As  a  matter  of  fact,  the  station  stops  between  Stam- 
ford and  New  York  average  very  much  greater  than  between 
New  Haven  and  New  York,  and  as  very  quick  turns  are  made 
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TABLE  X. 
Traxlino  Loads  in  Excess  op  Locomotivb  Guarantbbs. 


* 

Trmiling 

Percentage 

Date 

Service 

Train 

Locomotive 

train 

over 

No. 

No. 

weight 

weiftht 

10/18 

S.  Ex. 

59 

07-024 

538 

7.6 

S.  Ex. 

18 

04-09 

623 

24.8 

S.  Ex. 

1 

03S-O41 

604 

20.8 

S.  Ex. 

2 

04-027 

682 

36.4 

10/19 

S.  Ex. 

21 

038 

284 

13.6 

S.  Ex. 

15 

028 

327 

30.8 

S.  Ex. 

45 

040-041 

561 

12.8 

S.  Loc. 

215 

OS 

236 

18.0 

S.  Ex. 

63 

030 

302 

20.8 

P.  C.  Loc. 

181 

041 

34S 

39.2 

S.  Ex. 

260 

034 

277 

10.8 

S.  Ex. 

1 

06-036 

674 

34.8 

S.  Ex. 

20 

01 

280 

12.0 

S.  Ex. 

2 

04-00 

600 

22.0 

10/20 

S.  Ex. 

2 

03-08 

762 

62.0 

S.  Ex. 

1 

030-083 

684 

36.8 

P.  C.  Loc. 

181 

040 

314 

25.6 

N.  R.  Loc. 

151 

023 

344 

14.7 

S.  Loc. 

252 

020 

235 

17.5 

S,  Ex. 

11 

07-024 

560 

12.0 

S.  Ex. 

15 

013 

400 

60.0 

S.  L.  Ex. 

260 

034 

273 

9.S 

10/21 

S.  Ex. 

21 

07 

331 

32.3 

S.  Loc. 

287 

04 

223 

11.6 

S.  L.  Ex. 

260 

03 

271 

8.4 

S.  L.  Ex. 

246 

038 

283 

13.4 

S.  Ex. 

15 

040 

332 

32.7 

S.  Loc. 

216 

026 

256 

28.0 

S.  Loc. 

252. 

033 

275 

37.6 

S.  Loc. 

206 

038 

257 

28.5 

N.  R:  Loc. 

151 

010 

338 

12.7 

S.  Loc. 

207 

026 

262 

31.0. 

P.  C.  I^. 

181 

09 

297 

18.8 

S.  Ex. 

1 

032-037 

698 

39.6 

S.  Ex. 

29 

010 

280 

12.0 

S.  Ex. 

2 

07-032 

817 

63.6 

10/22 

S.  Ex. 

21 

010 

328 

31.2 

S.  Ex. 

56 

040 

317 

26.7 

S.  Loc. 

287 

026 

226 

13.0 

S.  L.  Ex. 

260 

02 

286 

14.0 

S.  L.  Ex. 

246 

016 

274 

9.6 

^ 

S.  Ex. 

245 

037 

279 

11.6 

S.  Ex. 

15 

034 

391 

16.4 

-    •    •    , 

S.  Loc. 

252 

034 

281 

40.6 

S.  Loc. 

222 

Oil 

222 

11.0 

S.  Loc. 

206 

037 

251 

26.5 

N.  R.  Loc. 

151 

030 

343 

14.3 

P.  C.  Loc. 

181 

088 

302 

20.8 

S.  Ex. 

1 

06-038 

668 

33.6 

S.  Ex. 

20      ' 

028 

271 

8.4 

S.  Ex. 

2 

06-<n8 

700 

40.0 
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TiBJling 

Percentage 

Date 

Service 

Train 

Locomotive 

train 

over 

No. 

No. 

wei^t 

vmOxi 

10/23 

S.  Ex. 

21 

013 

339 

35.6 

S.  Ex. 

55 

012 

320 

28.0 

S.  L.  Ex. 

246 

02 

263 

5.2 

S.  Ex. 

15 

010 

377 

50.8 

S.  Ex. 

11 

05-08 

542 

8.4 

S.  Ex. 

56 

024 

313 

25.2 

S.Loc. 

252 

027 

260 

34.6 

S.  Log. 

215 

00 

241 

20.5 

S.Loc. 

206 

02 

233 

16.5 

S.  Loc. 

207 

03 

245 

22.5 

P.  C.  Loc. 

181 

028 

318 

27.2 

S.  Ex. 

1 

017-041 

747 

9.6 

S.Ex. 

2 

08-011 

858 

70.4 

10/24 

P.  C.  Loc. 

190 

012 

281 

12.4 

S.  L.  Ex. 

202 

010 

258 

3.2 

S.  Ex. 

15 

010 

333 

33.2 

S.  Ex. 

24 

06 

396 

58.4 

S.  L.  Ex. 

288 

02 

258 

3.2 

P.  C.  Loc. 

176 

022 

298 

10.2 

P.  C.  Loc. 

172 

037 

290 

16.0 

S.  Loc. 

212 

041 

245 

32.6 

N.  R.  Ixm. 

151 

020 

323 

7.7 

S.  Loc. 

207 

06 

246 

23.0 

P.  C.  Loc. 

181 

033 

299 

10.6 

S.  Ex. 

1 

010-086 

624 

24.8 

S.  Ex. 

20 

08 

271 

8.4 

S.  Ex. 

2 

026-080 

819 

68.0 

at  both  termini,  the  service  may  be  said  to  be  more  severe  under 
these  conditions  than  under  the  guaranteed  ^conditions  of  pur- 
chase. It  is  interesting  to  note  in  Table  X  the  trailing  loads, 
taken  at  random,  hauled  by  the  New  Haven  electric  locomo- 
tives for  the  week  ending  October  24,  1908. 

Comparative  steam  and  electric  engine  mileage.  September  5, 
last,  Labor  Day,  offered  an  interesting  day  to  note  what  mileages 
could  be  made  by  the  electric  locomotives.  Table  IX  gives  an 
individual  record  for  each  of  the  38  electric  locomotives  in 
service  that  day. 

.  In  obtaining  an  average  for  all  electric  locomotives  of  212  miles, 
it  is  to  be  remembered  that  this  was  made  for  all  classes  of  ser- 
vice, express,  express-local,  and  local,  and  further  that  the 
mileages  were  made  over  three  short  terminal  nms;  namely, 
Stamford,  Portchester,  and  New  Rbchelle  to  New  York,  the 
distances  being  approximately  34,  26,  and  17  miles,  respectively. 
As  indicated  in  the  table,  several  engines  made  eight  runs,  two 
of  them  nine,  and  one  ten.  It  is  difficult  to  get  an  exact  compar- 
ison for  steam  locomotive,  mileages.   All  of  the  electric  engines  are 
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confined  to  one  division,  While  the  steam  locomotives  do  inter- 
division  service.  However,  using  the  records  of  the  1906  steam 
sei*vice  for  Labor  Day  and  considering  steam  locomotives  doing 
mileage  in  and  out  of  the  present  electric  zone,  out  of  117  loco- 
motives the  following  record  is  to  be  noted: 

10  made  over  300  miles. 


20 

"     between  200  and  300  miles 

21 

150  and  200     « 

34 

100  and  150     " 

32 

"     under  100  miles. 

117 

Thus  with  division  limits  double  that  of  the  present  electric 
division,  and  with  the  additional  advantage  of  interdivision  runs, 
the  electric  mileage  for  this  concrete  case  averaged  34  per  cent, 
better  than  the  steam  mileage. 

The  Electrification  in  Its   Relation  to  Matters  Other 
Than  Traction 

Telegraph  and  telephone.  Single-phase  electrification  affects 
telegraph  and  telephone  systems  whose  wires  lie  parallel  with 
and  in  close  proximity  to  the  railroad.  The  corrective  for  this 
disturbance  has  proved  to  be  simple  and  not  costly.  Briefly 
described,  it  consists  of  compensating  transformers  whose 
secondaries  are  a  part  of  the  telegraph  and  telephone  wires  and 
whose  primaries  receive  their  voltage  from  pilot  wires  strung 
on  the  same  cross-arms  as  those  bearing  the  telegraph  and  tele- 
phone wires,  and  thus  having  impressed  upon  them  the  same 
voltage,  by  electromagnetic  induction,  as  the  telegraph  and 
telephone  wires.  The  transformer  secondary  voltage  is  ap- 
proximately equal  and  opposite  to  the  induced  voltage  on  the 
telegraph  and  telephone  wires  and  thus  constantly  compensates 
for  it  throughout  all  ranges  of  induction  due  to  the  single-phase 
wires. 

An  interesting  commentary  on  the  efficacy  of  the  compen- 
sating transformer  is  that  its  use  obviated  the  necessity  of  any 
change  in  the  physical  location  of  the  telegraph  and  telephone 
lines  within  the  zone  of  induction,  and  has  thus  been  the  means 
of  removing  what  at  first  was  rightly  considered  a  very  offensive 
attribute  of  the  single-phase  system. 
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Ptiblic  safety.  As  no  fatality  to  the  traveling  public  has 
happened  by  reason  of  the  high-voltage  wires  since  the  system 
has  been  in  operation,  this  would  indicate  the  safety'  involved 
in  its  construction.  The  catenary  form  of  construction  as 
applied  to  the  suspension  of  the'  trolley  wire  virtually  eliminates 
all  danger  of  these  wires  falling.  On  the  other  hand,  the  feeder 
or  by-pass  wires  are  not  suspended  by  messengers,  and  al- 
though the  300-ft.  spans  used  in  this  construction  are  not  un- 
common, it  has  been  considered  a  wiser  policy  to  reinforce  all 
such  spans  which  are  above  passenger  platform  stations.  It 
may  be  of  interest  to  state  also  that  the  scheme  of  reinforce- 
ment is  not  to  cradle  or  place  supplementary  wires  in  connec- 
tion with  this  span,  but  simply  to  use  a  steel  wire  with  a  large 
factor  of  safety  reinforced  by  copper  for  conductivity  conductor 
and  supported  from  the  struts  by  insulators.  The  resistance 
to  ground  of  this  construction  will  be  far  in  excess  of  the 
ordinary  insulator  used  in  the  open  construction,  with  the  steel 
wire  connected  to  it  in  such  a  manner  as  to  make  impossible  the 
burning  of  this  wire  in  two,  in  the  case  of  the  insulator  breaking 
down. 

Foreign  wires.  All  electrifications  are  subject  to  foreign  wire 
crossings.  As  in  the  case  of  suspension  of  high-voltage  wires 
over  passenger  platforms,  instead  of  using  supplementary 
catenaries  or  cradles,  the  safer  (and  incidentally  the  cheaper) 
method  of  crossing  is  to  use  at  the  crossing  heavier  (and  pos- 
sibly guyed)  poles,  better  insulation,  and  larger  wires  than  are 
commercially  necessary  in  the  other  parts  of  the  foreign  trans- 
mission line.  High  factors  of  safety  with  economy  are  obtained 
following  this  policy. 

Commentary 

Lightning  protection.  An  ideal  arrangement  of  catenar\' 
construction  in  relation  to  lightning  protection  would  be  to  have 
the  overhead  messenger  system  grounded,  and  from  it  suspended 
by  insulators  a  secondary  catenary  system,  to  which  in  turn 
would  be  attached  the  contact  wires.  Even  in  the  New  Haven 
case,  where  the  overhead  messenger  system  is  not  grounded, 
lightning  has  given  but  slight  trouble.  This  is  probably  due 
to  the  very  great  number  of  grounded  steel  trusses  and  struts 
projecting  above  the  electrified  wires.  Lightning  was  the  in- 
direct cause  of  one  of  our  delays,  but  played  only  a  small  part 
in  the  real  cause,  which  can  be  attributed  to  the  surge  of  current 
occurring  at   the  time   lightning   caused  a  ground.     At   that 
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time  the  feeders  had  not  been  rearranged,  nor  had  the  im- 
pedance coils  been  installed  in  the  power-house  circuits.  On 
the  occasion  of  this  ground,  due  to  the  lightning,  we  lost  several 
of  the  anchor  bridge  circuit-breakers;  this  naturally  tied  up  the 
distributing  system,  preventing  the  proper  restoration  of  voltage 
to  the  trolley  wires.  The  conditions  are  now  such  that  the 
circuit-breakers  will  relieve  short-circuits  due  to  this  cause. 

Grounds.  Structures  supporting  high-voltage  insulators  should 
be  grounded.  Particularly  is  this  true  of  structures  foreign  to 
the  railroad  company,  such  as  highway  bridges.  This  ar- 
rangement insures  a  prompt  response  of  the  circuit-breaker 
apparatus,  and  carries  out  the  good  practice  universally  ap- 
plicable, that  the  material  supporting  the  insulator  be  grounded. 
This  principle  has  application  in  wood-car  construction.  Posi- 
tive grounds  between  Pintsch  gas  pipes  and  both  car  trucks 
should  be  made  to  avoid  any  arcs  being  drawn  under  the  car 
body.  On  two  occasions  the  gas  in  the  Pintsch  mains  of  New 
Haven  cars  has  been  set  on  fire  on  account  of  connection  with 
electrified  wires.  While  the  percentage  is  low,  being  two  cars 
in  about  400,000  during  the  period  involved,  with  little  damage 
in  either  case  and  that  to  the  cars,  it  is  a  matter  not  to  be 
ignored. 

Many  of  our  catenary  bridges,  of  both  the  intermediate  and 
anchor  type,  serve  to  support  signals.  Signal  men  have  been 
entirely  free  from  coming  in  contact  with  the  high-tension 
wires,  by  the  simple  provision  of  grounded  close-mesh  screens 
interposed  between  the  signal  platforms  and  the  high-voltage 
wires.  The  value  of  two  grounds  can  be  rated  considerably 
higher  than  twice  that  of  one. 

Tell-tales.  Tell-tales  in  connection  with  an  overhead  system 
offer  a  peculiarly  difficult  problem.  It  is  quite  apparent  that 
the  pantagraph  current  collecting  device  would  get  into  either 
electrical  or  mechanical  difficulties  with  the  present  form  of 
tell-tales.  We  have  experimented  at  some  length  in  trying  to 
produce  an  electrical  horn  that  would  be  automatically  sounded 
by  an  approaching  train.  There  is  nothing  particularly  diffi- 
cult in  getting  the  automatic  action  or  in  producing  a  noise. 
The  superiority  of  the  tell-tale  over  the  horn,  however,  is  that 
no  matter  how  much  noise  the  freight  train  is  making,  the  tell- 
tale always  notifies,  while  in  the  case  of  the  horn,  should  the 
freight  train  be  making  more  noise  than  it,  the  notification  is 
lost.     A  horn  if  used  for  this  service  should  be  a  large  one. 
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As  a  matter  of  fact,  the  necessity  of  tell-tales  is  a  bit  of  a 
relic  of  the  barbaric  past.  In  the  days  of  hand  brakes,  the 
brakeman  had  to  walk  the  roofs  of  cars,  and  low  bridge  warnings 
were  necessary.  To-day  the  braking  is  all  done  from  the  engine 
cab,  except  in  yards  where,  of  course,  the  overhead  wires  have 
their  normal  height  of  22  ft.  from  the  rails,  permitting  safe 
clearances  for  manual  operation  of  the  brakes. 

Train  lighting  and  heating.  On  account  of  the  necessity  of 
wiring  for  electric  heating  and  lighting  some  2500  coaches,  it 
seems  reasonable  to  retain  the  present  method  and  apparatus 
of  heating  and  lighting  the  trains  in  the  electric  zone.  To 
accomplish  this  it  was  only  necessary  to  supply  each  electric 
locomotive  with  a  small  steam  boiler,  used  solely  for  train  heating. 
The  Pintsch  gas  system  has  been  retained  intact.  Later, 
when  the  service  is  sufficiently  extensive,  all  trains  will  be  heated 
and  lighted  by  electricity. 

All  multiple-unit  cars  are  to  be  heated  and  lighted  by  elec- 
tricity. The  problems  of  heating  and  lighting  a  multiple-unit 
train  and  a  locomotive  train  are  quite  different.  In  the  former 
the  current  is  fed  into  the  train  at  several  points,  as  many  as 
there  are  motor  cars;  in  the  latter  it  can  be  taken  only  from 
the  locomotive  (if  there  are  two  locomotive  units,  of  course, 
it  can  be  supplied  from  both) .  Again,  in  the  case  of  the  multiple- 
unit  equipment,  the  supply  of  current  is  along  progressive  points 
of  the  train-length,  thereby  not  requiring  train  bus-bars  of  ex- 
cessive copper  section,  while  in  the  case  of  the  locomotive  train, 
the  supply,  whether  from  one  or  two  units,  will  be  at  the  head 
end  of  the  train,  thus  requiring  a  transmission  of  considerable 
length.  A*  train  of  12  cars,  for  instance,  would  be  between  700 
and  800  ft.  long.  Allowing  24  kw.,  maximum,  for  heat  and 
light  per  car,  would  require  the  delivery  of  about  300  kw. 
apparent  power.  An  investigation  of  this  department  in 
electrification  has  brought  out  some  interesting  details,  par- 
ticularly in  reference  to  locomotive  transformer  design  and  elec- 
tric car  jumpers. 

Fatalities.  As  has  been  pointed  out,  we  have  had  several 
fatal  accidents,  due  to  men  coming  in  contact  with  electrified 
wires.  We  are  none  the  less  concerned  that  in  every  instance 
they  were  men  employed  by  the  company.  In  each  instance 
the  accident  was  due  to  carelessness  or  violation  of  instruc- 
tions, and  most  of  the  accidents  occurred  during  the  period  of 
construction.    The  operating  period  has  provided  a  smaller  num- 


Digitized  by  VjOOQIC 


1662  MURRAY:  ELECTRIFICATION  OF  [Dec.  11 

ber  of  these  unfortunate  events,  and  the  records  to-day  now 
seem  to  indicate  that  the  future  will  be  free  from  this  most 
regrettable  feature. 

Cross-catenary  versus  bridge-bents.  The  excellent  results  of 
a  year's  experience  with  cross-catenary  construction  in  our 
Port  Chester  yard,  Fig.  13,  where  as  many  as  ten  tracks  are 
spanned,  is  tempting  encouragement  for  its  application  to 
main-line  work.  Should  the  cross-catenary  be  used,  anchor 
bridges  should  be  spaced  at  close  intervals,  say  one  per  mile. 
The  question  of  the  use  of  cross-catenary  versus. the  bridge- 
bent  on  multitrack  roads,  however,  depends  largely  upon  the 
right-of-way  conditions.  Cross-catenary  struts  have  to  be 
guyed.  In  many  instances  right-of-way  limits  will  require  the 
guy  to  be  placed  on  foreign  land.  If  the  additional  cost  of  the 
foreign  land  brings  the  catenary  bent  up  to  or  more  than  the 
cost  of  the  bridge-bent  it  loses  its  object. 

Single-  versus  double-catenary  construction.  Lack  of  operating 
data  led  the  engineers  of  the  New  Haven  road  to  take  no  chances 
with  the  overhead  construction,  and  the  double  catenary  was 
considered  the  safest.  The  adoption  of  single,  double,  and  com- 
pound systems  of  catenar>'  suspension  is  so  intimately  and  defi- 
nitely related  to  the  number  of  tracks,  the  length  of  longitudinal 
spans,  and  the  cost  of  transverse  supporting  structures  and 
foundations,  that  the  determining  of  the  most  economical  type 
of  catenary  construction  must  necessarily  include  the  considera- 
tion of  these  factors,  and  for  this  reason  simple  standardization 
adapted  to  all  conditions  is  impossible. 

Single-phase  operation.  The  New  Haven  system  provides 
that  the  volt  manufactured  in  and  leaving  the  dpors  of  the 
power  house,  is  the  same  physical  volt  that  knocks  at  the  doors 
of  the  locomotives.  Thus  the  line  is  the  single  link  that  unites 
the  power  house  and  the  locomotives.  All  such  adjuncts  as 
step-dowTi  transformers,  synchronous  converters,  storage-bat- 
teries, and  low-voltage  distributing  systems  with  their  necessary 
attendant  complement  of  help  are  dispensed  with.  The  Cos 
Cob  power  house  has  the  usual  number  of  men  for  a  station  of 
its  output,  and  the  locomotives  are  operated  by  the  electric 
locomotive  engineer  with  the  customary  assistant  present  for 
emergency.  This  crew  holds  good  for  single-  or  double-unit 
trains.  An  emergency  repair  train  is  the  guardian  of  the  line, 
attending  to  all  matters  pertaining  to  its  repair  and  mainten- 
ance.    Including  the  night  and  day  crews  of  the  emergency 
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train,  the  number  of  men  employed  to  maintain  the  distribution 
system  is  nineteen.  This  covers  about  100  miles  of  single  track, 
including  yards. 

Conclusion.  *The  writer  will  not  use  the  conventional  method 
of  summing  up  and  making  recommendations.  The  paper  has 
been  written  with  the  intent  to  lay  before  the  members  of  the 
American  Institute  of  Electrical  Bhgiaeers  a  practical  picture  of 
the  New  Haven  single-phase'  electrification,  describing  the  first 
suit  of  clothes  it  wore  and  what  it  is  wearing  now.  He  is  con- 
scious of  the  innumerable  little  points  of  real  interest  that  time 
and  opportunity  have  not  permitted  him  to  insert  here,  but  he 
trusts  to  the  discussion  to  bring  them  out.  The  description  of 
the  faults  and  how  they  were  handled  will  answer  for  the  usual 
column  of  recommendations.  In  concluding,  an  interesting 
definition  of  engineering  comes  to  mind;  namely. 

Engineering  is  the  art  of  making  a  dollar  earn  the  greatest  interest. 

The  writer  has  intentionally  omitted  the  discussion  of  the 
operating  costs  of  a  direct-current  versus  an  alternating-cur 
rent  system;  but,  bearing  in  mind  the  preceding  definition,  it 
is  his  belief  that  in  the  electrification  of  steam  roads  to-day 
straight  alternating-current  traction  is  the  agency  through 
which  that  title  can  be  earned. 

History  sustains  the  undeniable  truth  that  alternating  current 
is  the  preferred  agent  for  the  transfer  of  electricity  where  either 
distance  or  capacity  is  involved.  A  railroad  involves  both. 
Granted,  therefore,  th^t  the  alternating-current  traction  ap- 
paratus has  received  the  trade  mark  of  practicability,  what 
further  argument  does  it  heed  in  its  favor? 

In  connection  with  the  New  Haven  electrification  I  wish  to 
speak  of  the  privilege  of  association  with  Mr.  E.  H.  McHenry 
and  Mr.  Calvert  Townley.  Upon  Mr.  Townley  devolved  the. 
responsibility  of  decision  as  to  the  form  of  electrification  selec- 
ted. Neither  the  object  nor  the  scope  of  this  paper  can  in- 
clude a  description  of  the  analytical  course  of  procedure  pre- 
paratory to  the  conclusion  that  the  New  Haven  road  would 
•  adopt  the  single-phase  form  of  electrification.  Suffice  it  to  say 
that  Mr.  Townley's  conviction  to  accept  this  responsibility 
were  sufficiently  strong  to  lay  the  foundation  of  this  work. 
To  Mr.  E.  H.  McHenry,  whose  serious  illness  had  prevented 
his  filling  the  office  of  vice-president  in  charge  of  matters  per- 
taining to  engineering,  fell  upon  acession  to  that  office,  the  re- 
sponsibility of  ratification  or  disagreement  with  the  policy  as 
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set  forth  by  Mr.  Townley.  That  ratification  is  better  written 
in  the  details  of  the  electric  zone  itself,  as  in  each  department  of 
power  house  line  and  locomotive  may  be  seen  the  betterments 
due  to  his  suggestion.  To  him  is  due  the  credit  of  the  practical 
issue  of  this  electrification. 

This  paper  would  indeed  be  incomplete  did  I  not  refer  to  the 
splendid  courage  and  indomitable  pluck  of  our  contractors, 
who  through  a  fire  of  criticism-  and  business  depression  per- 
severingly  stuck  to  their  belief  in  the  principles  they  were  ad- 
vocating. They  can  now  have  the  satisfaction  of  viewing  some- 
thing begun  and  something  finished;  for  while  there  may  be 
many  improvements  to  accrue  to  the  alternating-current, 
single-phase  system,  the  trunk-line  principles  have  by  them  been 
laid  and  demonstrated. 
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Discussion  on  "  The  Log  op  the  New  Haven  Electrifica- 
tion."  New  York,  December  U,  1908 

President  Ferguson:  The  American  Institute  of  Electrical 
Engineers  is  to  be  congratulated  in  haying  as  a  member,  a^ 
man  who  is  so  willing  to  come  forward  and  frankly  state  the' 
actual  experience  he  has  had  in  the  construction  and  operation 
of  so  new,  so  important,  and  so  untried  an  imdertaking.  I 
think  we  owe  it  to  him  to  show  our  appreciation  of  the  work 
he  has  done  by  giving  full  diicussion  to  his  paper:  first,  as  to 
the  major  and  minor  faults  that  have  been  experienced  in  the 
system  and  of  the  corrections  that  have  so  far  been  applied,  and 
of  the  possible  corrections  that  may  come  in  the  future;  sec- 
ondly, as  to  whether  this  system,  as  designed  and  constructed, 
will  fill  the  requirements  of  the  entire  electrification  of  the  road 
from  New  York  to  Boston,  as  we  understand  is  contemplated 
by  the  railroad;  thirdly,  as  to  whether  this  system  as  designed 
and  constructed  will  fill  the  requirements  of  the  electrification 
of  terminals  in  our.  large  cities,  taking  into  consideration  the 
handling  of  the  through  and  suburban  passenger  traffic  as  well 
as  the  switching  and  hauling  of  the  freight  traffic. 

Calvert  Townley:  I  am  strongly  impressed  by  the  extremely 
radical  treatment  which  the  author  has  given  to  his  subject. 
Abandoning  the  usual  course  of  emphasizing  the  advantages  of 
the  system  adopted,  he  has  passed  over  them  with  but  scant 
mention,  and  has  given  in  minute  detail  a  list  of  the  troubles 
encountered.  The  magnitude  of  the  project  itself,  the  amount 
of  advertising  which  it  has  had,  and  the  fact  that  it  has  been 
attacked  continuously,  not  to  say  viciously,  by  those  who 
disagreed  with  the  plans  adopted,  or  perhaps  were  interested 
in  seeing  them  fail,  demonstrates  the  author's  courage  in 
handling  the  subject  as  he  has,  but  also  emphasizes  the 
radical  character  of  his  treatment.  What  the  designing  engineer 
wants  to  know,  what  the  constructing  and  the  operating  engineers 
want  to  know — what  indeed  everybody  wants  to  know  who  is 
undertaking  a  new  project  is,  what  troubles  and  difficulties  he  is 
likely  to  meet,  and  how  can  they  be  overcome.  The  advantages 
of  one  plan  or  another,  the  perfect  features,  so  to  speak,  will, 
in  great  measure,  take  care  of  themselves.  Therefore,  where  a 
system  is  already  playing  so  important  a  part  in  the  railroad 
world  as  is  the  single-phase  system — destined  to  play  a  much 
greater  part  in  the  future — ^we  are  particularly  fortunate  in 
having  a  member  who  can  present  so  full  a  log  of  its  application 
to  so  important  a  project,  and  of  its  troubles  and  their  remedies, 
as  Mr.  Murray  has  done  in  this  paper. 

It  is  to  be  noted  that  Mr.  Murray  has  omitted  the  customary 
statement  of  conclusions  usually  drawn  from  the  facts  furnished 
in  a  paper.  The  conclusions,  however,  are  none  the  less  clearly 
indicated,  even  though  they  may  not  be  stated.  Those  which 
seem  to  stand  forth  are: 
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1.  This  system  was  put  in  without  any  previous  similar  in- 
stallation to  pattern  after. 

2.  Several  of  its  fundamental  features  were  either  entirely 
new  or  had  so  new  an  application,  that  their  previous  use  was 
not  much  of  a  guide. 

3.  Sundry  and  various  defects  developed  as  the  installation 
progressed,  resulting  in  interruptions  to  the  service. 

4.  These  defects  have  practically  all  been  remedied,  and 
certain  other  improvements  have  been  made. 

5.  Five  months  after  the -Complete  substitution  of  elec- 
tricity for  steam,  and  while  some  of  the  improvements  have 
still  to  be  completed,  the  system  has  been  demonstrated  to  be 
successful,  and  well  adapted  to  the  service  for  which  it  was  de- 
signed. As  an  interesting  fact  it  may  be  here  noted,  that  at 
the  present  time  the  electric  service  is  less  subject  to  interruption 
than  was  the  steam  service  which  it  has  replaced. 

From  an  engineering  standpoint  it  may  help  us  to  realize 
the  nature  of  the  project  undertaken,  if  I  recapitulate  some  of 
the  pioneer  features  that  were  included  in  this  installation.  For 
example:  it  is  the  first  installation  to  generate  single-phase 
current  in  large  units  at  a  fairly  high  electromotive  force  with  a 
dead  ground  on  one  side  of  the  generating  system;  it  is  the  first 
installation  to  adopt,  though  not  the  first  system  to  put  into 
operation,  the  11, 000- volt,  alternating-current  trolley,  with  the 
rail  return,  without  any  transformer,  converter,  or  other  sub-, 
station  appliance  whatever  between  the  generator  and  the 
locomotive'  itself;  it  is  the  first  alternating-current  system  to 
handle  800-ton  trains  at  60  miles  an  hour;  it  is  the  first  installa- 
tion to  use  an  alternating-current,  gearless,  25-cycle  motor  (it 
also  uses  much  the  larger  motors  of  this  type) ;  it  is  the  first 
installation  to  adopt  a  locomotive  unit  designed  to  fit  the  nor- 
mal, instead  of  the  heaviest,  train  service,. and  to  take  advan- 
tage of  the  multiple-unit  feature  of  operating  two  or  more 
locomotives  together,  when  heavier  trains  require  it. 

In  my  opinion,  the  one  radical  thing  that  was  done  wrong  in 
the  New  Haven  electrification,  and  which  was  really  at  the  bot- 
tom of  the  major  part  of  the  difficulties  that  have  been  encoun- 
tered, is  that  the  electrification  was  not  begun  soon  enough. 
It  is  undoubtedly  true  that  had  more  time  been  allowed  for 
attention  to  the  minor  details  of  the  equipment,  and  could  work 
that  had  to  be  done  under  great  pressure  have  taken  its  normal 
course,  many  of  the  minor  troubles  which  can  be  traced  to  these 
facts  would  never  have  existed,  and,  furthermore,  had  there 
been  time  for  a  reasonable  operating  tryout,  very  many  of  the 
defects  which  have  caused  delays  to  service,  would  have  been 
detected  and  remedied  during  the  trying  out  period  instead  oT 
in  practical  service. 

In  referring  to  the  log  of  operation,  Mr.  Murray  saj^,  "  We 
are  not  proud  of  it."  I  am  not  one  who  feels  that  any  apology 
for  the  results  obtained  is  in  order.     The  combination  of  an 
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installation  embodying  so  many  new  features  and  an  insuffi- 
cient time  in  which  to  overcome  difficulties,  was  recognized  in 
the  beginning,  and  it  was  felt  that  a  superior  plan,  handicapped 
with  some  temporary  troubles,  was  better  than  an  inferior  plan 
with  fewer  threatened  temporary  troubles,  but  many  permanent 
disabilities. 

I  should  feel  that  I  had  been  remiss  if  I  closed  my  remarks 
without  pa)ring  tribute  to  the  Westinghouse  engineers  for 
their  part  in  this  project.  Their  development  of  the  necessary 
machinery  and  appliances  alone  has  made  the  project  possible. 
Without  them  this  single-phase  installation  could  not  have  been 
successful.  They  are  rightfully  entitled  to  a  frank  acknowledg- 
ment of  their  continued  cheerful,  resourceful,  and  courageous 
cooperation  through  the  entire  progress  of  this  enterprise. 

The  keystone  of  the  system  is  the  locomotive.  Without  the 
single-phase,  alternating-current  motor  the  whole  plan  would 
become  impossible.  No  one  doubts  but  that  a  power  house  can  be 
.built  successfully  to  generate  current,  and  that  a  line  can  be  con- 
structed successfully  to  transmit  single-phase  alternating  current 
at  any  reasonable  voltage  and  over  a  wide  range  of  quantities ;  but 
it  was  not  tmtil  the  single-phase  motor  was  developed,  that  the 
simplification  possible  with  this  form  of  traction  could  be  even 
considered.  To  me,  therefore,  the  most  interesting  part  of  thi§ 
paper  relates  to  the  performance  of  the  locomotives.  The  log 
of  operation  showing  delays,  etc.,  is  interesting,  but  I  do  not 
regard  it  as  of  particular  importance  from  an  engineering 
standpoint,  as  a  hot  bearing  on  a  blower  motor  would  as  quickly 
bring  about  a  delay  to  service  as  an  entire  breakdown  of  the 
locomotive  itself.  Some  troubles  with  the  minor  parts  may 
always  be  expected  at  the  start  in  any  large  installation,  but  if 
the  fundamentals  are  not  impeached,  success  is  not  in  jeopardy. 

A  study  of  the  list  of  changes  that  were  made  in  the  locomotive 
originally  furnished,  and  enumerated  by  Mr.  Murray,  discloses 
the  interesting  fact  that  while  there  were  a  number  of  electrical 
difficulties,  a  very  large  per  cent  of  the  changes  made  were 
mechanical,  not  only  mechanical  changes  to  mechanical  features, 
but  also  mechanical  changes  to  electrical  features,  most  of  the 
latter  being  on  the  minor  parts  of  the  equipment,  which,  nat- 
urally, had  to  receive  the  least  attention  when  time  was  pressing. 
With  the  principal  elements  of  the  locomotive  design;  namely, 
the  large  gearless,  25-cycle  motors,  there  has  been  practically 
no  trouble.  Their  performance  as  to  torque,  commutation,  and 
capacity  has  been  most  gratifying.  It  was  soon  demonstrated, 
in  fact,  that  the  motors  and  transformers  had  capacity  for 
service  in  excess  of  that  called  for  by  their  guarantees,  and  in- 
vestigation showed  that  by  somewhat  increasing  the  capacity  of 
some  of  the  minor  parts  of  the  locomotive  equipment,  a  machine 
of  materially  greater  duty  would  be  provided.  For  this  reason 
several  changes  were  made  in  the  locomotive  details,  not  pri- 
marily to  correct  defects,  but  so  to  increase  the  capacity  of  the 
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parts  modified  as  to  provide  an  excess  locomotive  capacity. 
Mr.  Murray  mentions  but  briefly  a  feature  of  locomotive  design, 
which  from  the  standpoint  of  dollars  and  cents  value  to  the 
operating  road,  deserves  a  place  in  the  front  rank.  Perhaps  he 
has  passed  by  this  feature  so  readily  because  his  mind  has  been 
bent  on  telling  of  troubles,  and  this  feature  has  caused  no  trouble. 
I  refer  to  the  flexible  drive  whereby  the  armature  of  the  gearless 
motor  is  wholly  supported  ofl,  and  exerts  its  driving  power 
through  a  set  of  spirally  concentric  springs.  Trackmen  have 
frequently  been  appalled  because  electric  locomotives  are  so 
much  harder  on  track  than  steam  locomotives  of  even  greater 
weight,  and  it  has  now  come  to  be  a  generally  accepted  conclu- 
sion that  this  fact  is  due  to  increased  impact  because  the  arma- 
ture dead-weight  is  supported  without  cushion,  rigidly  on  the 
axle.  The  impact  due  to  this  additional  dead-weight  is  some- 
thing astounding.  In  the  New  Haven  locomotives,  the  method 
of  mounting  the  armatures,  obtaining  the  cushioned  effect, 
exerting  the  full  driving  power  of  the  motors,  and  compensating 
for  the  so-called  varying  torque  thereof,  has  been  successfully 
accomplished  in  a  way  never  before  tried.  The  results  in  im- 
proved track  maintenance  cannot  fail  to  be  of  far-reaching 
consequence. 

Similarly  with  the  line — while  insulation  troubles  have  been 
manifest,  due  first,  to  low  bridge  clearances,  and  secondly  to 
steam  locomotive  stack  discharges,  the  principal  overhead  diffi- 
culties have  been  mechanical;  that  is,  the  mechanical  wear  on 
the  trolley  wire  and  too  great  rigidity  in  its  method  of  support. 
The  serious  line  difficulty  to  which  Mr.  Murray  refers,  resulted 
from  a  combination  of  these  mechanical  troubles.  They  were 
not  discovered  for  the  first  time  in  May,  but  had  been  manifest 
for  a  considerable  period,  and  were  being  carefully  studied. 
The  extent  of  the  trouble,  however,  could  only  be  demonstrated 
by  an  extended  tryout,  because  it  was  affected  so  vitally  by 
the  amount  of  stack  discharge  and  by  the  rapidity  with  which 
the  pantagraph  shoes  traveled  over  the  trolley  wire  at  high 
speeds.  The  addition  of  a  steel  wire  flexibly  suspended  from 
the  copper  conducting  wire,  a  wire  to  take  the  wear,  was,  how- 
ever, the  solution.  With  it  there  disappeared  the  last  threat- 
ening difficulty  that  need  cause  any  apprehension. 

B.  6.  Lanime:  Though  I  have  been  more  or  less  intimately 
interested  in  all  of  the  problems  in  this  New  Haven  electrifica- 
tion, there  were  two  parts  of  the  total  equipment  to  which  I 
gave  a  great  deal  of  my  personal  attention,  namely,  the  design 
of  the  alternating-current  generators  in  the  power  house  and 
the  main  motors  on  the  locomotive.  The  popular  opinion,  even 
among  designers,  was  that  the  motor  was  by  far  the  most 
difficult  problem  of  the  two,  considering  that  it  was  the  first 
large  gearless  single-phase  motor  constructed  for  commercial 
service.  As  for  the  generators,  one  engineer  has  said  "  anyone 
pan  build  generators,"     Hgw^ver,  from  my  own  point  of  view, 
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since  borne  out  in  practice!  the  design  of  the  motors  was  a 
comparatively  simple  problem  compared  with  that  of  the 
generators. 

Considering  first  the  main  motors,  there  are  41  locomotives 
on  this  road,  each  with  four  gearless  motors,  wound  for  both 
direct-current  and  single-phase  operation.  I  do  not  intend  to 
discuss  the  design  of  these  motors,  but  simply  to  indicate  some 
of  the  records  that  have  been  made.  In  the  motors  themselves 
there  were  two  points  that  were  generally  looked  upoii  as 
sources  of  weakness;  namely,  the  commutation  (and  life  of  the 
commutator)  when  operated  on  alternating  current,  and  the 
use  of  preventive  leads  (or  so-called  '*  resistance  leads  "),  be- 
tween the  armature  winding  proper,  and  the  commutator. 
Many  people  have  sounded  a  warning  in  regard  to  the  dangers 
from  the  use  of  these  preventive  leads.  It  was  also  asstmied 
that  there  would  necessarily  be  severe  sparking  at  the  com- 
mutators of  these  motors,  which  was  bound  to  injure  them  in  a 
relatively  short  time.  Let  us  look  at  the  record  on  these  two 
points: 

As  I  stated,  there  are  164  main  motors.  The  first  equipment 
was  put  into  commercial  service  the  latter  part  of  July  1907, 
and  the  last  equipment,  being  part  of  the  order  of  six,  men- 
tioned by  Mr.  Murray,  was  put  in  operation  about  July  1908. 
The  records  show  that  the  total  of  164  motors  have  averaged 
slightly  over  40,000  miles  each  since  being  put  in  operation,  the 
minimum  mileage  for  any  one  motor  being  approximately  28,000. 
A  range  from  30,000  to  50,000  miles  will  cover  the  record  of 
most  of  these  motors.  With  the  above  mileage,  the  commu- 
tators of  these  motors  are  all  in  excellent  condition,  having  a 
good  polish  and  showing  but  relatively  little  wear.  Virtually 
all  of  the  motors  on  the  first  35  locomotives  have  been  dis- 
mantled at  some  time  or  other,  for  the  causes  mentioned  in 
Mr.  Murray's  list  of  changes.  At  such  times  the  commutators 
of  these  motors  were  cleaned  up  slightly,  just  as  any  other  part 
of  the  motor  would  be  cleaned  up.  The  commutators  were  not 
turned  unless  they  showed  evidence  of  mechanical  injury,  gen- 
erally from  some  cause  external  to  the  commutator  itself. 
However,  in  commercial  service  these  commutators  have  re- 
quired no  attention,  and,  as  far  as  I  could  determine,  none  of 
them  has  ever  been  sand-papered  while  in  service.  At  the 
present  rate  of  wear  on  these  commutators,  there  appears  to 
be  15  to  20  years'  life  in  each  one  of  them.  As  there  is  but 
relatively  little  sparking,  even  when  developing  two  or  two  and 
a-half  times  full-load  torque,  there  is  no  real  reason  why  these 
commutators  should  not  make  such  good  records. 

Considering  next  the  injuries  to  the  motor.  Mr.  Murray's 
tables  show  reference  here  and  there  to  motor  injury,  without 
stating  just  what  kind  of  injury  is  meant.  Simply  to  state 
that  a  motor  is  injured,  without  saying  what  part  is  injured, 
may  give  a  wrong  impression.     It  is  generally  considered,  and 
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correctly  so,  that  an  injury  to  the  armature  of  a  motor  is  a 
much  more  serious  condition  than  an  injury  to  the  field  or  the 
connections.  The  records  of  the  New  Haven  installation  show 
that  the  injuries  to  the  armature  represent  only  a  small  per- 
centage of  the  total  injuries.  In  fact,  the  few  damages  to  the 
armature  have  been  largely  from  external  causes,  foreign  sub- 
stances, such  as  bolts,  tools,  water,  etc.,  getting  into  the  motor, 
or  from  unsoldering  at  the  commutator  or  at  the  rear  end,  due 
to  the  extreme  overloading,  which  has  occurred  in  a  few  instances, 
as  when  pulling  a  heavy  train  with  one  locomotive  with  one  pair 
of  motors  cut  out.  In  a  few  instances  these  damages  have  re- 
sulted in  an  actual  bum-out  of  a  section  of  the  armature,  neces- 
sitating part  rewinding. 

In  such  cases  I  have  been  able  to  make  a  thorough  examina- 
tion into  the  condition  of  the  winding  on  the  armature,  both 
in  the  main  winding  and  in  the  preventive-lead  winding.  These 
examinations  have  been  very  interesting.  They  indicate 
clearly  that  the  armature  windings  are  showing  no  dangerous 
overheating  from  the  heavy  loads  that  have  been  carried,  and 
also  that  the  preventive  leads  are  showing  no  more  evidence  of 
heating  than  the  main  windings.  If  any  comparison  could  be 
drawn.  I  would  say  that  of  the  two,  the  preventive  leads  were 
in  the  better  condition.  Furthermore,  only  two  instances  have 
been  found  where  there  was  a  breakdown  in  the  preventive 
lead.  In  other  words,  the  record  for  these  leads  is  better  than 
that  for  the  main  coils  themselves.  But  this  is  partly  due  to 
the  fact  that  the  preventive-lead  winding  lies  tmdemeath  the 
armature  winding  proper,  and  is  thus  mechanically  protected 
to  a  greater  extent  than  the  main  coils.  From  the  standpoint 
of  experience  then,  these  leads  have  proved  to  be  one  of  the 
most  durable  parts  of  the  equipment;  taking  everjrthing  into 
account,  their  record  may  be  considered  exceptional.  If  the 
rest  of  the  New  Haven  system  had  shown  anything  like  as 
good  a  record,  there  would  have  been  no  occasion  for  the  greater 
part  of  Mr.  Murray's  paper.  I  think  the  time  has  now  arrived 
when  the  "  preventive  "  leads,  as  they  should  more  correctly 
be  called,  should  stand  on  their  own  merits,  for  no  amount  of 
criticism  can  belittle  the  record  which  they  have  made  in  the 
New  Haven  service. 

Now  consider  the  generators.  No  defect  has  developed  in 
them  which  was  not,  to  a  certain  extent,  foreseen  and  appar- 
ently provided  for,  based  on  the  data  at  hand.  However,  on 
the  completed  machine,  the  first  and  most  pronounced  source 
of  trouble  was  heating,  not  in  the  winding,  but  in  the  field  or 
rotor  structure,  due  to  the  pulsating  reaction  of  the  armature 
winding  when  carrying  a  heavy  load  in  single-phase  current. 
This  reaction  was  known  previously  to  building  these  machines, 
but  on  machines  of  smaller  capacity  it  had  not  developed  de- 
structive tendencies.  It  was  proved  later  that  this  was  simply 
because  it  had  not  been  tried  out  under  the  conditions  which 
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would  develop  its  most  hannful  effects.  This  pulsating  arma- 
ture reaction  may  be  analyzed  in  the  following  manner: 

Consider  the  armature  winding  as  a  magnetizing  coil  fixed 
in  the  space  and  carrying  an  alternating  current.  This  coil 
may  be  considered  as  setting  up  an  alternating  field  fixed  in 
space.  For  analysis,  this  alternating-current  field,  fixed  in 
space,  may  be  considered  as  made  up  of  two  constant  fields  of 
half  value,  rotating  in  opposite  directions  at  the  synchronous 
speed  of  the  machine.  One  of  these  fields  therefore  rotates  at 
the  same  speed  and  in  the  same  direction  as  the  rotor.  The 
other  field  is  traveling  round  the  rotor  core  in  the  direction 
opposite  to  its  rotation.  This  field  may  therefore  be  considered 
as  equivalent  to  one  fixed  in  space  with  the  rotor  running  in  it 
at  double  speed.  This  armature,  carrying  single-phase  current, 
could  be  replaced  by  an  external  direct-current  field,  and  if 
the  rotor  were  run  at  double  speed  in  this  field,  an  equivalent 
result,  as  regards  heating,  should  be  obtained.  This  core  thus 
becomes  an  armature  core  subject  to  a  heavy  induction  at  a 
high  frequency. 

When  the  first  rotor  was  built,  the  structure  was  laminated 
as  completely  as  mechanical  conditions  would  permit.  How- 
ever, in  the  case  of  high-speed  turbine-generators  of  very  large 
capacity,  it  is  almost  impossible  completely  to  laminate  every- 
thing, due  to  the  fact  that  the  mechanical  requirements  call 
for  rigidity  in  some  of  the  structural  features.  Upon  testing 
the  first  machine  it  was  found  that  there  was  local  heating,  with 
heavy  load,  sufficient  to  create  hot  spots  in  the  core;  and  in  a 
comparatively  short  time  in  turn  these  hot  spots  damaged  the 
insulation  on  the  coils  from  the  outside,  thus  causing  grounds 
on  the  winding.  As  soon  as  this  was  noticed,  an  effort  was 
made  to  eliminate  these  hot  spots;  but  it  was  found,  after  several 
attempts,  that  as  soon  as  one  was  eliminated  others  would  show 
up  in  some  different  place  as  soon  as  a  higher  load  condition 
was  reached.  It  was  evident,  after  considerable  work  had  been 
done,  that  the  correct  remedy  was  not  being  applied  to  this 
trouble.  It  was  then  decided  to  take  a  bold  step  by  attempting 
to  eliminate  all  pulsating  reactions  from  the  armature,  by 
putting  a  short-circuited  winding  on  the  rotor,  of  such  value 
that  a  very  large  current  could  flow  in  it  with  but  very  little 
loss.  It  was  the  idea  to  damp  out  the  field  in  very  much  the 
same  way  that  the  armature  of  a  polyphase  alternator  will  de- 
magnetize, or  kill  its  magnetic  field,  if  the  armature  terminals 
are  all  short-circuited  together.  It  is  known  that  under  this 
condition  the  armature  current  will  rise  to  such  a  value  that 
the  field  flux  is  practically  eliminated.  In  order  to  maintain 
this  condition  indefinitely  without  overheating,  it  is  only  neces- 
sary to  put  enough  copper  on  the  armature  so  that  the  PR  losses 
in  it  under  this  condition  are  within  the  temperature  capacity 
of  the  windings.  Working  on  this  theory,  a  complete  cage 
winding  was  placed  on  one  of  the  rotors  of  the  New  Haven 
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generators.  This  rotor  had  not  been  designed  originally  for 
this  purpose,  and  it  was  therefore  difficult  to  adopt  the  most 
suitable  proportions  in  this  winding,  but  what  was  put  on,  imme- 
diately showed  in  practice  that  a  practicable  remedy  had  been 
applied  for  this  trouble.  Meanwhile  the  new  rotors  designed 
for  the  application  of  heavy  cage  windings  were  under  con- 
struction, and  upon  the  installation  of  these,  the  field  or  rotor 
trouble  all  disappeared.  It  is  interesting  to  note  that  the 
fourth  machine  installed,  which  has  a  4260-kilovolt-ampere 
single-phase  rating,  has  a  solid  steel  core,  in  the  surface  of  which  ' 
the  copper  cage  winding  is  embedded.  As  this  winding  com- 
pletely eliminated  the  pulsating  armature  reaction,  there  was 
no  further  occasion  for  laminating  the  field  as  a  protection  from 
magnetic  pulsations. 

I  might  add  that  a  number  of  the  earlier  tests,  leading  up  to 
the  design  of  the  first  New  Haven  rotors,  were  misleading,  in 
the  fact  that  turbine-generators  were  used  for  obtaining  the 
preliminary  data  for  single-phase  operation  and,  in  all  cases, 
the  machines  had  solid  steel  cores.  These  cores  acted  as  damp- 
ers to  a  certain  extent,  and  this  in  itself  eliminated  part  of  the 
pulsation.  It  thus  developed  afterwards,  that  in  the  very  act 
of  lamination  to  avoid  the  trouble,  we  had  gotten  into  it  deeper. 

Practically  all  this  work  on  the  generators  was  done  before 
the  lull  electric  service  was  established,  and  while  only  one  or  two 
generators  were  required  to  be  operated  at  one  time.  With  one 
generator  running,  there  was  apparently  but  little  or  no  disturb- 
ance due  to  short-circuits  on  the  system.  As  the  service  was  in- 
creased and  two  generators  put  in  operation,  the  effect  of  short- 
circuits  became  more  pronounced.  When,  in  June  1908,  the 
entire  electric  service  was  established,  and  three  generators  were 
connected  to  the  system,  it  soon  became  evident  that  there  was 
some  serious  condition  existing  in  the  system,  as  indicated  by 
the  extremely  violent  shocks  to  everything  in  case  of  a  short- 
circuit.  This  was  particularly  noticeable  in  the  switching  sys- 
tem, and,  as  Mr.  Murray  intimates,  in  the  case  of  a  short-circuit, 
all  the  switches  in  the  system  felt  it  their  duty  to  jump  in 
and  open  the  circuit.  This  indicated  an  abnormal  current  con- 
dition. It  was  calculated  that  these  machines  would  give 
possibly  six  or  seven  times  full-load  current  on  the  first  rush, 
in  the  case  of  a  dead  short-circuit,  this  excess  current  dying 
down  to  possibly  two  or  three  times  normal  full-load  current. 
All  indications  were,  however,  that  this  current  was  being 
greatly  exceeded,  and  therefore  a  series  of  oscillograph  tests 
were  made  to  determine  the  current  rush  when  the  lines  were 
purposely  short-circuited  under  various  conditions.  These  tests 
indicated  that  imder  certain  conditions  each  machine  could 
give,  at  the  moment  of  short-circuit,  almost  5000  amperes  on 
one  phase,  the  normal  full-load  current  being  340.  With  three 
machines  in  parallel,  this  would  therefore  mean  that  approx- 
imately 15,000  amperes  could  be  delivered  momentarily.    This 
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enormous  current  rush  was  sufficient  to  explain  many  of  the 
difficulties,  but  this  was  not  all  the  explanation.  The  oscillo- 
graph tests  also  showed  that  this  short-circuit  current  would 
be  maintained  at  almost  its  maximum  value  for  a  very  consid- 
erable period,  due  to  the  cage  winding  on  the  rotors  of  the 
generators.  Apparently  this  current  at  the  first  rush,  was  not 
appreciably  greater  than  that  on  the  machine  before  the  dampers 
were  added,  but  without  the  dampers  the  field  was  killed  more 
quickly  by  this  enormous  current,  so  quickly  that  apparently 
the  breakers  did  not  open  until  the  current  had  fallen  somewhat. 
However,  with  the  heavy  cage  winding  on  the  field  structure, 
secondary  currents  were  set  up  in  this  winding,  tending  to 
maintain  the  field  strength,  and  thus  the  current  rush  was  main- 
tained at  almost  full  value  for  possibly  20  to  30  alternations. 
These  oscillograph  tests  indicated  very  clearly  that  the  arma- 
tures of  these  generators  did  not  have  nearly  so  great  internal 
self-induction  as  our  calculations  indicated. 

Meanwhile,  the  generators  in  the  power  house  had  been  suf- 
fering from  the  tremendous  shocks  which  accompanied  short- 
circuits  on  the  line.  There  is  necessarily  considerable  local 
field  around  the  end-windings  of  all  these  machines,  and  this 
stray  field  is  especially  large  on  machines  with  a  small  number 
of  poles,  and,  in  consequence,  high  ampere-turns  per  pole. 
These  stray  fields  at  the  ends  tend  to  exert  a  bending  or  dis- 
torting effect  on  the  end-windings.  In  any  given  machine  the 
distorting  force  varies  as  the  square  of  the  current  carried  by 
the  coils.  Our  experience  with  the  windings  on  these  machines 
indicated  that  they  were  being  subjected  to  enormous  forces 
in  the  end-windings.  The  oscillograph  tests  gave  an  indication 
as  to  the  amount  of  this  force.  As  the  machines  could  give 
about  15  times  full-load  current  momentarily  on  short-circuit, 
the  force  acting  on  these  end  windings  would  be  225  times 
normal;  in  this  case,  therefore,  these  forces  were  so  great  that 
it  became  a  serious  problem  to  devise  a  type  of  bracing  on  the 
end-windings  sufficient  to  withstand  such  a  force.  It  should 
also  be  borne  in  mind  that  probably  as  many  short-circuits 
came,  in  one  day,  on  these  generators,  as  the  ordinary  high- 
voltage,  power-house  generator  is  called  upon  to  sustain  in  one 
year.  While  ninety-nine  shocks  out  of  a  hundred  might  not 
be  sufficient  to  do  damage,  yet  if  the  shocks  occur  frequently 
enough,  the  hundredth  one  will  soon  be  reached.  In  our  en- 
deavors to  support  these  windings  against  movement,  probably 
the  most  complete  system  of  bracing  ever  applied  to  alter- 
nating-current generators  was  developed  and  used  on  these 
machines. 

But  in  spite  of  this  there  was  evidence  of  movement  at  times. 
It  thus  became  evident  that  some  method  of  limiting  this  short- 
circuit  current  to  the  value  originally  intended;  namely,  about 
six  times  full-load  current,  would  have  to  be  applied.  This 
was  done  by  placing  an  unsaturated  choke-coil,  or  impedance 
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coil,  on  the  trolley  side  of  each  machine.  This  coil  takes  up  a 
comparatively  small  voltage  under  normal  operation,  but  in 
case  of  a  short-circuit,  the  electromotive  force  generated  in  it 
is  sufficient  to  limit  the  current  rush  to  less  than  half  the  value 
it  would  attain  without  this  coil.  Thus  as  the  shock  on  the 
end  windings  of  the  generators  varies  as  the  square  of  the  cur- 
rent, it  is  evident  that  cutting  this  current  in  half  would  cut 
the  shock  to  one-quarter  of  its  former  value,  which,  with  the 
method  of  bracing  used  on  these  machines,  would  mean  the 
difference  between  good  and  bad. 

When  these  choke-coils  were  installed,  the  results  on  the 
power  house  were  evident.  The  shocks  on  the  machines  were 
very  greatly  reduced,  so  reduced  that  we  do  not  fear  future 
trouble  from  this  source.  It  is  interesting  to  note  that  No.  4 
machine;  that  is,  the  4260-kilovolt-ampere  generator,  referred 
to  before,  was  put  in  service  a  considerable  time  before  the  choke- 
coils  were  installed,  and  it  went  through  the  most  severe  short- 
circuits  ever  encountered  on  this  system.  Its  armature  winding 
has  never  shown  any  distress.  This  is  partly  because,  in  the 
design  of  this  machine,  the  difficulties  to  be  overcome  were 
known,  and  the  remedies  could  be  applied  in  the  most  suitable 
manner. 

An  interesting  point  in  connection  with  the  use  of  the  cage 
windings  on  these  generators,  is  that  the  apparent  regulation 
of  the  system  has  been  improved.  This  was  anticipated,  but 
the  actual  result  in  practice  was  more  pronounced  than  was 
expected.  In  installing  new  rotors  for  these  machines  with 
the  heavier  cage  dampers,  the  inherent  regidation  of  the  gen- 
erators was  made  somewhat  poorer  than  before,  partly  in 
order  to  accommodate  certain  stnictural  features  in  the  rotor. 
It  was  anticipated  that  the  cage  winding  with  its  damping 
effect  would,  to  a  certain  extent,  mask  this  poor  regulation  by 
making  the  machine  sluggish  as  regards  fluctuation  in  voltage 
with  sudden  variations  in  load.  In  practice  it  was  found  that, 
with  the  later  rotors  with  their  poorer  inherent  regulation,  the 
average  regulation  of  the  system  was  considerably  better  than 
before,  thus  indicating  that  most  of  the  disturbances  in  the 
voltage,  when  the  old  rotors  were  used,  were  due  to  sudden 
changes  in  load,  while  the  slow  variations  were  taken  care  of  by 
the  automatic  regulators.  With  the  new  rotors  the  voltage 
changes  are  so  slow,  that  the  Tirrill  regulator  has  plenty  of  time 
to  act  before  any  serious  disturbance  can  take  place. 

It  must  be  borne  in  mind  that  in  one  way  this  New  Haven 
power-house  installation  was  more  difficult  than  anything 
undertaken  heretofore,  and  that  is,  in  the  use  of  11,000- volt 
generators  with  one  terminal  connected  directly  to  grotmd. 
Taking  this  condition  into  account,  together  with  the  enormous 
current  rushes  with  consequent  shocks  on  the  winding,  and  the 
single-phase  operation  of  units  of  such  large  capacity,  it  may 
reasonably  be  claimed  that  this  was  the  most  difficiilt  case  of 
alternating-current  generation  ever  undertaken. 
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L.  B.  Stillwell:  The  writer  of  the  paper  is  just  emerging  from 
a  long  and  most  trjring  contest  with  difficulties  upon  a  con- 
spicuous stage.  The  installation  for  which  he  is  largely  respon- 
sible did  not  attain,  during  several  months  of  initial  operation, 
that  degree  of  reliability  which  the  traveling  public  has  a  right 
to  expect,  and,  naturally,  it  has  been  subjected  to  severe 
criticism.  It  is  probably  as  a  result  of  this  criticism  that 
Mr.  Murray's  paper  is  so  constructed  as  to  convey  an  ex- 
aggerated idea  of  the  shortcomings  of  the  system,  while  it  fails 
perhaps  to  emphasize  sufficiently  the  far-reaching  importance 
of  the  fact  that  the  single-phase  alternating-current  system  is 
in  actual  service  in  the  operation  of  this  very  important  ter- 
minal and  that  this  operation  is  successful.  Its  success  is 
shown  by  a  reduction  in  aggregate  train  delays  when  the  present 
service  is  compared  with  the  steam  service  which  it  has  re- 
placed. 

Papers  which  set  forth  fully  and  frankly  not  only  successful 
achievements  but  also  mistakes,  are  of  especial  value,  and  all 
who  appreciate  the  difficulties  which  beset  the  path  of  progress, 
and  particularly  members  of  this  Institute  who,  by  training 
and  experience,  are  qualified  to  form  well-grounded  and  just 
opinions,  owe  it  to  the  officials  and  engineers,  who  have  laid 
before  us  these  valuable  data,  to  regard  and  discuss  the  facts 
judicially  and  without  prejudice,  and  to  interpret  them  fairly 
to  the  railway  world  and  the  general  public.  I  am  sure  we 
shall  all  endeavor  to  db  this,  but  I  trust  that  a  cautionary 
suggestion  will  not  be  regarded  as  irrelevant,  for  the  Institute 
is  under  exceptional  obligations  for  this  paper,  not  only  to  Mr. 
Murray  but  to  the  officers  of  the  New  Haven  Railroad  Company 
who  have  authorized  its  publication,  for  an  opportunity  to  weigh 
and  utilize  operating  data  of  a  kind  not  often  published. 

The  engineering  world  is  fortunate  in  the  fact  that  the  New 
York  Central  Railroad  and  the  New  Haven  Railroad  have  not 
adopted  the  same  electric  system.  Such  an  opportunity  to 
compare  the  possibilities  and  limitations  of  the  direct-current 
system  and  the  single-phase  alternating-current  system  is  un- 
precedented, and,  except  in  America,  would  be  impossible. 
Whatever  we  may  think  of  the  wisdom,  from  an  economic 
standpoint,  of  investing  millions  to  learn  from  experience,  the 
answers  to  questions  which  by  German  methods,  for  example, 
might  be  answered  at  much  less  cost  (and  there  is  much  to  be 
said  on  both  sides  of  this  question)  we  as  engineers  are  in  no 
position  to  complain  of  lack  of  opportimity  to  subject  our  ideas 
to  the  test  of  practice.  If,  therefore,  we  fail  to  agree  with  reason- 
able promptness  upon  ftmdamental  specifications  of  that  system 
of  electric  equipment,  which  we  shall  advocate  as  a  standard  in 
railroad  practice  to  be  kept  in  view  and  ultimately  used  to  the 
exclusion  of  the  many  possible  but  less  desirable  alternatives, 
we  shall  never  see  electricity  applied  in  the  operation  of  rail- 
roads to  anything  like  the  extent  which  its  possibilities  justify 
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from  an  economic  standpoint.  Unquestionably,  each  and 
every  problem  of  electrification  should  be  studied  primarily 
with  reference  to  local  conditions  and  requirements.  In  any 
given  case  it  is  conceivable  that  such  local  conditions  and  re- 
quirements may  properly  lead  to  the  adoption  of  a  system  other 
than  that  which  would  be  chosen  to  solve  the  more  general 
problem  of  electrifying  not  only  a  terminal  and  limited  suburban 
zone,  but  a  railroad  division  or  a  trunk  line.  But  we  are  all  con- 
vinced that  during  the  next  ten  years  railway  electrification  will 
not  be,  limited  to  terminals  and  suburban  operation,  within 
narrowly  restricted  zones.  In  this  light  the  decision  of  the 
New  Haven  officials  to  adopt,  in  the  equipment  of  its  New  York 
terminal,  a  system  applicable  not  only  to  terminals  but  also 
to  trunk  line  operation,  and  the  frank  presentation  of  results 
attained,  should  assist  powerfully  in  the  prompt  evolution 
of  that  system  which  is  fittest,  and  therefore  destined  to 
survive. 

When  Mr.  F.  J.  Sprague,  with  clear  conviction  and  admirable 
courage,  installed  the  multiple-unit  system  of  train  operation 
on  the  Southside  road  in  Chicago,  a  most  important  advance 
was  made  in  the  art  of  railroading.  The  applicability  of  this 
system  to  trains  requiring  tractive  efforts  exceeding  50,000  lb., 
was  demonstrated  first  in  the  New  York  Subway.  The  equip- 
ment of  the  New  York  Central  has  contributed  to  our  demon- 
strated utilities  an  excellent  third-rail  construction.  Inciden- 
tally it  has  demonstrated  most  effectively,  throughout  the 
steam-railway  world,  the  fact  that  under  the  conditions  existing 
within  the  zone  electrified,  electricity  can  do  the  work  of  steam 
and  do  it  better. 

The  New  Haven  installation,  substituting  11,000  volts  for 
600  volts  and  eliminating  sub-stations,  opens  the  door  to  possi- 
bilities of  electrification  of  railways,  with  its  assured  improve- 
ment of  service  and  economy  of  operation,  over  zones  far  be- 
yond the  reach  of  the  600- volt  direct  current. 

Under  the  conditions  of  respective  development  of  the  direct- 
current  system  and  the  single-phase  alternating-current  sys- 
tem, the  decision  of  the  New  Haven  management  to  use  the 
system  adopted  was  a  bold  one ;  and  its  boldness  was  emphasized 
by  the  selection  of  the  highest  standard  voltage  for  which  suit- 
able alternators  had  been  constructed. 

With  reference  to  the  plan  adopted  to  improve  the  overhead 
trolley  construction  which  converts  this  to  a  catenary  con- 
struction with  secondary  suspension  cable,  I  observed  in  Ham- 
burg recently  that  the  single-phase  system  in  use  in  that  city 
employs  this  method  of  supporting  the  trolley  wire. 

In  electric  operation  of  railroads  the  three  great  links  of  the 
chain  between  coal  pile  and  draw-bar  are  the  power  house, 
the  locomotive,  and  the  system  employed  to  transmit  power 
from  power  house  to  locomotive.  The  power  house  and  its 
equipment  as  constructed  for  alternating-current  operation  \s 
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practically  identical  with  that  constructed  for  direct-current 
operation.  The  only  differences  are  that  one  phase  is  trans- 
mitted instead  of  three  phases,  and  that  one  side  of  the  circuit 
is  grounded.  The  fact  that  the  New  Haven  road  has  experi- 
enced an  unusual  number  of  delays,  due  to  power-house  trouble, 
is  due  to  errors  in  the  design  of  the  generators  and  in  the  high- 
potential  circuit-breakers.  It  seems  that  these  errors  could 
have  been  avoided  by  the  exercise  of  that  degree  of  care  and 
foresight  which  an  installation  of  such  importance  should  re- 
ceive. Of  the  ten  electrical  failures  which  occurred  from  July 
1  to  October  31,  1908,  and  involved  delays  exceeding  300  train- 
minutes  in  each  case,  eight  were  due,  as  Mr.  Murray  says,  "  to 
simultaneous  failures  of  several  circuit-breakers  due  to  a  short- 
circuit."  This  apparently  might  and  should  have  been  pre- 
vented by  previous  investigation  of  the  ability  of  the  circuit- 
breakers  selected,  to  function  under  the  conditions  of  service 
to  which  they  were  applied.  Of  the  other  two  cases  of  serious 
failure,  one  apparently  was  due  in  part  to  a  defective  circuit- 
breaker;  the  other  was  a  case  of  locomotive  derailment. 

So  far  as  four  months'  operation  may  be  taken  as  a  guide, 
there  is  nothing  in  the  record  which  is  discouraging  as  regards 
performance  of  the  electric  equipment  of  the  locomotives.  If 
we  except  the  delays  due  to  circuit-breaker  failures,  the  record 
is  a  good  one. 

It  will  add  to  the  value  of  the  paper  if  Mr.  Murray  will  supply, 
for  purposes  of  comparison,  the  record  of  train  delays  in  steam 
operation  during,  say,  the  corresponding  months  of  the  pre- 
ceding year.  It  is  to  be  hoped  also  that  the  engineers  of  the 
New  York  Central  will  follow  the  example  set  by  Mr.  Murray 
and  lay  before  the  Institute  a  log  of  the  New  York  Central 
electrification  showing  results  attained  as  compared  with  pre- 
ceding steam  practice.  This  would  afford  an  opportunity  for 
accurate  comparison  of  the  results  attained  by  the  two  con- 
trasted electric  systems  in  the  operation  of  these  important 
properties. 

An  incidental  problem,  which  at  one  time  appeared  rather 
serious,  but  which  apparently  has  been  solved  in  an  entirely 
satisfactory  manner  by  the  engineers  responsible  for  the  equip- 
ment of  the  New  Haven  Railroad,  is  the  protection  of  existing 
telegraph  and  telephone  systems  from  the  effects  of  induction 
due  to  power  currents. 

Operation  thus  far  has  covered  too  short  a  period  to  justify 
final  conclusions  in  respect  of  the  reliability  and  safety  of  the 
high-potential  overhead  trolley  and  feeders,  especially  as  the 
system  has  not  been  called  upon  to  meet  the  conditions  imposed 
by  snow  and  sleet.  If  Mr.  Murray  will  supplement  his  paper 
six  months  from  now  by  a  contribution  giving  the  log  of  opera- 
tion during  the  coming  winter,  and  if  some  one  representing  the 
New  York  Central  will  favor  the  Institute  with  similar  informa- 
tion, further  conclusions  of  importance  can  be  drawn. 
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E.  B.  Eatte:  If  Mr.  Murray  could  tell  us  in  some  detail  of 
the  troubles  which  led  to  the  failures  that  caused  the  delays, 
it  would  help  to  a  better  understanding  of  the  situation.  He 
mentions  two  instances  where  no  power  was  available  on  the 
direct-current  third-rail.  On  July  8,  the  erecting  men  dropped 
a  signal-mast  across  two  tracks  and  broke  down  the  third-rails, 
and  there  was  a  delay  to  trains  while  getting  the  third-rail  up 
again.  A  few  days  later,  on  July  10,  there  was  another  delay 
of  13  minutes  to  the  New  Haven  trains,  due  to  no  power  on  the 
third-rail.  The  third-rail  was  knocked  down  by  a  freight 
wreck,  and  there  was  some  delay  to  traffic  in  clearing  the  tracks 
and  in  building  up  the  rail.  I  think  I  can  say  that  at  no  time 
has  there  ever  been  a  lack  of  direct-current  power  available  to 
apply  to  the  third-rail  when  the  third-rail  was  standing,  and 
further,  that  when  the  third-rail  has  been  knocked  down  due 
to  a  derailment  or  a  wreck,  it  has  been  our  usual  experience 
that  the  third-rail  has  been  re-erected  and  ready  for  service  as 
soon  as  the  wreck  had  been  cleared  and  the  track  rails  made 
ready  for  traffic. 

H.  P.  Davis:  In  the  operation  of  a  railroad  one  condition 
stands  ahead  of  all  others;  namely,  the  trains  must  be  kept 
running  and  the  schedule  maintained  at  almost  any  cost.  In 
this  connection,  Mr.  Murray  has  presented,  in  a  most  striking 
way,  a  condition  of  vital  difference  between  electric  and  steam 
operation  of  a  railroad  in  the  comparison  which  he  has  made 
of  the  delay  chain.  The  importance  of  these  conditions  and  the 
respective  bearing  of  each  of  the  links  in  this  chain  have  received 
only  slight  attention  in  the  literature  of  railroad  electrification, 
but  to  those  engaged  in  this  work,  it  has  been  recognized  as  of 
vital  importance,  for  the  success  of  any  large  electrification  is 
predicated  wholly  upon  the  infallibility  of  each  link  of  this 
chain. 

The  usefulness  of  the  electric  locomotive  is  only  realized  with 
continuous  and  unfailing  source  of  current  supply.  Realizing 
this,  the  working  out  of  the  problems  presented  in  the  power 
house,  and  particularly  in  the  feeder  and  trolley  system,  are  the 
most  important  presented  to-day  for  our  consideration. 

As  Mr.  Murray  points  out,  none  of  the  separate  links  of  this 
chain  presents  new  principles,  but  when  moulded  together,  some 
very  astonishing  characteristics  have  developed  in  the  combina- 
tion, when  applied  on  a  railroad  system  like  the  New  Haven. 

One  of  the  preceding  speakers  has  discussed  most  admirably 
the  problems  presented  in  the  power  house.  It  is  my  belief, 
however,  that  insurance  in  this  respect  really  resolves  itself 
into  the  question  of  sufficient  reserve  capacity.  The  really 
troublesome  member  of  the  chain  is  the  link  between  the  power 
house  and  the  locomotive.  The  answer  to  the  question:  what  is 
the  best  way  to  distribute  current  at  high  potential  to  a  trolley 
wire  over  a  busy  railroad,  with  four  or  more  parallel  tracks, 
increased  in  places  to  several  times  this  number,  and  connected 
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at  intervals  to  busy  sidings  and  shifting  yards  ? — is  yet  to  be 
forthcoming. 

For  economy  of  conductors  and  high  efficiency  in  transmission, 
the  New  Haven  system  will  be  hard  to  improve  on.  For  in  this 
system  the  11, 000- volt  generators  are  connected  directly  to 
the  line  without  the  use  of  intermediate  apparatus,  thus  elim- 
inating all  losses  due  to  apparatus  of  this  kind.  The  question 
whether  it  is  the  best  for  continuity  of  service  and  for  operation 
with  a  minimum  of  train  delays  in  case  of  trouble,  time  only 
will  tell  and  is  now,  of  course,  open  to  argument  and  discussion. 

The  troubles  encountered  with  the  New  Haven  distributing 
and  trolley  system  can  be  divided  into  two  classes. 

1.  Those  which  have  been  constructional. 

2.  Those  which  have  been  a  matter  of  operation. 
Difficulties  in  the  constructional  features  of  the  New  Haven 

line  have  occurred,  as  pointed  out  by  Mr.  Murray.  I  look  on 
this,  however,  as  an  unavoidable  penalty,  consequent  to  any 
pioneering  installation,  resulting  from  lack  of  knowledge  and 
inability  from  previous  experience  correctly  to  forecast  the  con- 
ditions to  be  met. 

It  must  be  admitted  that  the  problems  encountered  on  this 
railroad  are  not  simple,  nor  within  the  scope  of  ordinary  or 
established  practice.  Many  conditions  have  arisen  impossible 
to  foresee  and  guard  against.  It  is  only  by  encountering  these 
difficulties  that  experience  can  be  gained  and  data  obtained  to 
correct  the  constructional  faults.  Constructional  difficulties,  so 
long  as  they  are  not  fundamental,  do  not  affect  the  delay  chain 
except  to  the  degree  of  time  sufficient  to  investigate  the  troubles 
and  provide  means  to  correct  and  eliminate  them.  The  flexi- 
bility of  the  distributing  and  trolley  system  in  operation  is, 
however,  of  crucial  and  lasting  importance  in  the  delay  chain. 

Under  the  subject,  **  Distribution,"  Mr.  Murray  uses  the  word 
**  disadvantages  "  in  referring  to  this  system.  He  should  have 
used  the  word  **  difficulties.*'  These  have  now  been  largely 
cleared  up  and  have  been  shown  to  be  only  incident  to  a  com- 
plete knowledge  of  what  has  been  taking  place  in  the  system.  In 
the  last  sentence  of  the  paragraph  above  referred  to,  Mr.  Murray 
says:  "This  operation  can  be  effected,  and  at  the  time  of  this 
writing  an  effort  is  being  made  to  obtain  these  results  in  prac- 
tice." Since  the  preparation  of  his  paper,  most  satisfactory 
results  have  been  obtained  with  the  scheme  which  has  been 
developed,  and  as  it  introduces  something  new  and  likely  to 
become  general  practice  in  power  distribution,  I  shall  briefly 
describe  it. 

Fig.  5,  is  a  diagrammatic  representation  of  the  scheme  of 
the  New  Haven  trolley  and  feeder  connections.  By  reference 
to  this  it  can  be  seen  that  if  selective  operation  of  the  circuit- 
breakers  installed  at  each  end  of  a  trolley  section  can  be  ob- 
tained, in  case  of  trouble  in  the  section  only  the  length  of  single 
track  in  that  section  will  be  affected.     No  delay  to  trains  will 
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occur,  as  they  can  be  shunted  on  one  of  the  adjacent  tracks, 
except  in  case  of  not  more  than  a  single  train,  which  might  be 
in  the  section  at  the  time  of  trouble.  In  principle  this  closely 
approximates  the  more  advantageous  feature  possessed  by  the 
steam  unit  in  confining  delays  to  individual  trains  in  case  of 
trouble.  Attention  is  particularly  called  to  this  to  show  that 
careful  thought  was  given  to  this  feature  of  the  problem  in 
planning  the  installation,  and  that  its  importance  was  recognized. 

In  practice,  the  failure  of  the  line  to  operate  as  laid  out  was 
for  a  considerable  time  extremely  puzzUng.  The  destructive 
action  of  short-circuits  on  the  circuit-breaking  apparatus,  on  the 
generator  windings,  on  the  insulation  of  the  line,  and  the  failure 
of  the  circuit-breakers  to  be  selective,  could  not  be  explained 
by  any  previous  experience.  A  careful  and  thorough  study  of 
the  nature  of  these  disturbances  by  means  of  the  oscillograph 
showed  current  surges  of  great  severity,  both  as  regards  amount 
of  current  supply  and  the  duration  of  the  surge.  It  was  shown, 
for  instance,  that  with  three  generators  connected  to  the  line, 
it  was  possible  for  them  to  deliver  at  times  as  much  as  120,000 
to  150,000  kilovolt-amperes  single-phase,  and  to  maintain  it 
for  a  period  approximating  one  second. 

It  is  not  surprising,  that  circuit-breaking  apparatus  set  for 
instantaneous  operation  failed,  and  that  it  was  not  selective  in 
action,  for  the  automatic  trips  on  the  trolley  breakers  were  set 
to  act  at  currents  so  low  as  to  be  out  of  all  comparison  with  the 
amount  supplied,  and  as  the  feeder  and  trolley  arrangement  is 
a  series-parsdlel  one,  there  was  more  than  enough  current  in  the 
distributing  system  to  trip  them  all  over  the  line.  It  was  ap- 
parent, as  soon  as  it  was  realized  what  the  trouble  was,  that: 

1.  The  generators  must  be  provided  with  some  sort  of  a  shock 
absorber  to  protect  against  the  first  rush  of  current  at  times  of 
short-circuit. 

2.  The  opening  of  the  circuit  during  times  of  heavy  current 
surges  must  be  prevented,  because  of  the  possibility  of  violent 
voltage  surges  from  such  operation  with  resulting  destructive 
effect   on   the   insulation   of   the   system. 

3.  The  current  supply  in  the  distributing  system  on  short- 
circuit  must  be  controlled,  and  automatic  operation  of  circuit- 
breaking  apparatus  must  be  prevented  until  this  condition  was 
established. 

4.  The  line  sections  must  be  made  selective. 

5.  Corrective  apparatus  should  be  simple  and  automatic. 
To  meet  the  first  condition,  choke-coils  were  placed  in  the 

trolley  phase  of  each  generator,  the  coil  being  permanently  in 
circuit.  This  coil  is  designed  to  cut  down  the  maximimi  short- 
circuit  current  values  to  about  40  per  cent,  and  the  resulting 
mechanical  shock  to  about  16  per  cent. 

To  limit  the  current  to  be  opened  in  the  distribution  system, 
and  to  make  the  selective  action  possible,  was  a  more  com- 
plicated problem  and  has  been  solved  in  the  following  manner. 
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Ohmic  resistances  have  been  placed  in  each  of  the  three  feeder 
leads  going  to  the  distributing  system.  These  resistances  are 
normally  short-circuited  by  circuit-breakers.  These  circuit- 
breakers  are  electrically  operated,  and  are  automatic  in  opening 
and  closing,  being  controlled  by  a  single  underload  and  overload 
master  relay,  so  installed  that  the  entire  station  single-phase 
output  passes  through  it.  The  automatic  tripping  coils  of  the 
circuit-breakers  on  the  overhead  feeder  and  trolley  systems  are 
normally  cut  out;  in  other  words,  these  circuit-breakers  are 
normally  non-automatic;  the  automatic  operation  being  con- 
trolled from  the  power  house. 

In  the  event  of  a  short-circuit  or  overload  on  the  system 
exceeding  a  certain  predetermined  current,  the  master  relay 
above  referred  to  operates,  causing  the  circuit-breakers  short- 
circuiting  the  resistances  to  open.  The  resistance  is  thus  auto- 
matically inserted  in  the  feeder  circuits.  The  value  of  this  re- 
sistance is  sufficient  to  reduce  the  current  to  a  certain  fixed  and 
predetermined  value.  As  soon  as  the  resistances  have  been  in- 
serted in  the  feeder  circuits,  a  feeder  wire  connected  with  all 
of  the  trolley  and  feeder  circuit-breakers  is  then  automatically 
supplied  with  potential.  This  at  once  makes  the  circuit- 
breakers  automatic  throughout  the  feeder  and   trolley  system. 

Bach  of  the  trolley  sections  terminates  at  anchor  bridges. 
These  bridges  serve  the  double  purpose  of  anchorages  for  the 
trolley  structure  and  of  sub-stations  for  current  distribution  to 
the  adjacent  trolley  sections.  Current  is  fed  from  the  power 
house  to  the  bus-bars  on  these  bridges  by  feeders  supplemented 
by  the  entire  trolley  system.  The  whole  distributing  system 
is,  therefore,  multiplied  at  each  anchor  bridge.  Each  end  of  a 
trolley  section  connects  to  the  bridge  bus-bar  through  a  single 
circuit-breaker.  In  case  of  a  short-circuit  in  a  section,  it  is 
evident  that  these  two  circuit-breakers  will  have  the  total  cur- 
rent flowing  divided  between  them.  As  the  remainder  of  the 
system  is  in  multiple  with  the  bridge  bus-bars,  these  two  circuit- 
breakers  will  be  carrying  much  more  current  than  any  others. 

With  this  circuit  condition  established,  it  is  only  necessary 
that  the  power-house  resistance  shall  be  so  proportioned  that 
it  will  allow  sufficient  current  to  flow  to  trip  the  two  circuit- 
breakers  in  the  trouble  section,  and  yet  limit  the  amount  of 
current  to  less  than  enough  to  trip  any  of  those  in  parallel  in 
the  remainder  of  the  system. 

With  the  current  reduced  to  this  definite  amount,  it  divides 
through  the  system  properly,  concentrating  at  the  point  of  trouble. 
The  amount  of  current  is,  as  pointed  out,  less  than  the  amount 
required  to  operate  any  of  the  circuit-breakers,  except  those 
adjacent  to  the  point  of  trouble.  As  soon  as  these  two  breakers 
open,  the  troublesome  section  is  disconnected,  and  the  current  in 
the  power  house  will  at  once  drop  to  normal  value.  When  this 
happens,  the  master  relay  at  the  power  house  will  act  again,  and 
cause  the  circuit-breakers  shunting  the  resistance  to  close  and 
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short-circuit  it.  At  the  same  time,  the  feeder  wire  comiecting  to 
the  automatic  trips  on  the  circuit-breakers  of  the  trolley  system 
will  be  opened,  thus  leaving  the  whole  outside  system  again 
non-automatic.  This  entire  cycle  is  accomplished  automatically 
(without  the  use  of  delicate  or  complicated  apparatus),  power 
never  being  removed  from  the  line.  The  whole  cycle  takes  only 
about  two  seconds. 

If  it  happens  that  one  or  both  of  the  circuit-breakers  at  the 
ends  of  a  trolley  section  fail  for  any  reason  to  operate,  and  thus 
do  not  clear  the  line,  it  is  arranged  that  the  main  circuit-breakers 
at  the  power  house  will  operate  and  open  the  entire  circuit. 
To  accomplish  this,  the  main  power-house  circuit-breakers  are 
provided  with  time  relays  of  the  constant  time  type,  set  so  that 
they  will  not  act  until  a  sufficient  period  has  elapsed  for  the 
trolley  and  feeder  current  breakers  to  open.  This  condition 
is,  however,  of  rare  occurrence. 

The  use  of  a  scheme  of  this  kind,  in  which  ohmic  resistance  is 
thrown  in  series  with  the  distributing  system  at  the  first  rush 
of  current  to  a  short-circuit,  has  other  advantages  beside  that 
of  making  the  system  selective;  for  it  effectually  prevents  much 
line  disturbance  directly  traceable  to  violent  opening  of  heavy 
currents  by  circuit-breakers,  and  to  making  circuit  again  under 
these  conditions.  As  the  trolley  and  feeder  circuit-breakers  are 
normally  disconnected,  the  circuit  cannot  be  opened  at  the  first 
rush  of  current.  The  resistance  being  inserted  in  circuit  first, 
the  current  is  lowered  to  a  value  which  is  sufficient  to  trip  only 
the  circuit-breakers  on  each  end  of  the  trouble  section. 

When  the  circuit-breaker  does  act,  it  is  called  to  open  a  prac- 
tically non-inductive  circuit,  so  that  voltage  surges  cannot  be 
produced,  thus  safeguarding  the  insulation  of  the  system.  For 
the  same  reason  when  power  is  thrown  on  the  line  the  resistances 
act  to  damp  out  any  surging  effect.  This  arrangement  provides 
a  method  of  limiting  line  disturbances;  for  no  matter  how  severe 
the  short-circuit,  or  how  great  the  amount  of  power  available 
in  the  generating  station,  the  circuit-breaking  apparatus  cannot 
act  under  conditions  which  will  destroy  them  or  cause  destruc- 
tive effects  in  any  part  of  the  system.  It  also  has  the  advantages 
of  being  entirely  automatic  in  action  and  effectually  overcomes, 
without  service  interruption,  effect  of  flashes,  which  are  common 
in  a  system  like  the  New  Haven.  In  a  case  of  this  kind,  when 
no  permanent  ground  exists,  the  automatic  insertion  of  the 
resistance  into  the  line  will  usually  cause  the  flash  to  be  extin- 
guished without  interruption  of  service  and  without  harmful 
effect.  This  method  is  simple,  automatic  in  action,  and  most 
effective  in  controlling  and  regulating  destructive  line  effects, 
and  will,  I  think,  either  in  this  form  or  in  some  modification,  be 
used  quite  generally  in  future  in  distributing  systems  of  this 
kind. 

Philip  Torchio:  In  the  paper,  the  main  cause  of  the  con- 
siderable troubles  due  to  circuit-breakers  is  ascribed  to  the  fact 
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that  the  type  of  breaker  used  had  the  oil>tank  grounded.  The 
author  suggests  that  the  lining  of  these  tanks  should  be  im* 
proved.  I  would  ask  why,  in  the  corrective  changes  intro- 
duced to  overcome  this  deficiency  of  the  circuit-breakers,  no 
consideration  was  given  to  the  obvious  types  of  circuit-breakers 
which  have  the  oil-tank  insulated  from  ground.  I  would  also 
like  to  ask  why,  in  a  single-phase  electrification,  three-phase 
generators  were  used  in  preference  to  single-phase  generators? 
Would  it  not  have  been  preferable  to  adopt  single-phase  gen- 
erators? By  using  single-phase  the  company  would  eliminate, 
of  the  numerous  generator  troubles,  those  troubles  which  seem 
to  have  caused  repeated  rebuilding  of  the  field  of  the  generators 
on  account  of  local  heating  resulting  from  the  magnetic  distor- 
tion due  to  the  single-phase  load  upon  three-phase  generators. 
This  magnetic  distortion  would  have  been  considerably  less 
with  a  single-phase  generator. 

C.  P.  Steinmetz:  The  importance  of  to-night's  paper  and 
discussion  consists  in  the  explicit  and  concise  information  which 
it  gives  as  to  the  progress  in  the  development  of  the  electrifica- 
tion of  a  part  of  one  of  the  country's  trunk  lines  by  means  of 
the  single-phase  alternating-current  motor.  It  is  especially 
gratifpng  to  see  that  the  statements  which  have  been  made 
by  imbiased  engineers  based  upon  theoretical  considerations, 
have  now  been  verified  by  practical  experience,  and  that  heavy 
railroad  work  can  be  handled  by  single-phase,  alternating-current 
motors,  though  obviously  not  with  the  same  high  drawbar 
pull  per  ton  of  locomotive  weight,  and,  possibly,  at  least  for 
the  present,  not  with  quite  the  same  reliability  of  service. 

This  I  believe  establishes  the  single-phase  alternating-current 
motor  as  one  of  the  pieces  of  apparatus  by  which  the  future 
electrification  of  our  country's  railway  systems  will  be  accom- 
plished. The  drawbar  pull  per  pound  of  motor  weight  of  the 
single-phase,  alternating-current  motor  must  necessarily  be  lower 
than  that  of  the  direct-current  motor,  because  in  the  alternating- 
current  motor  the  magnetic  field  pulsates  between  zero  and  a 
maximum.  The  same  motor,  when  energized  by  direct  current, 
with  the  same  maximum  magnetic  flux,  would  give  41  per  cent 
more  output.  It  is  important,  therefore,  to  know  that  in  those 
cases  where  direct-current  motors  cannot  be  used ;  for  instance, 
where  heavy  train  units  at  infrequent  intervals  traverse  long 
distances,  the  work  can  be  done  by  alternating-current  motors. 
I  believe  when  the  time  arrives  to  electrify  our  transcontinental 
railways,  this  will  be  done  by  means  of  the  alternating-current 
motor. 

My  conclusions  from  the  evidence  and  data  now  available 
are  the  same  as  I  have  expressed  before;  that  those  railway 
problems  which  cannot  be  handled  by  direct-current  methods 
must  be  solved  by  means  of  the  alternating-current  motor. 
But  where  direct  current  can  be  used  equally  as  well  as  alter- 
nating   current,    the    higher  weight    efficiency;    that    is,    the 
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greater  drawbar  pull  per  pound  of  motor  weight  afforded  by 
the  direct-current  motor,  necessarily  makes  this  motor  prefer- 
able from  the  electrical  engineer's  point  of  view. 

It  is  interesting,  then,  to  observe  that  in  those  immediate 
railway  problems  which  can  be  handled  by  alternating-current 
motors  as  well  as  by  direct-current  motors,  the  decision  whether 
one  or  the  other  type  of  motor  should  be  used  has  shifted  from 
the  electrical  engineer  to  the  railway  engineer  or  the  railway 
manager.  This  decision  will  be  determined  by  the  economic 
question  whether  higher  weight  efficiency,  that  is,  higher 
draw-bar  pull  per  pound  of  motor  weight  and  reliability  of 
service,  should  be  sacrificed  because  of  the  possibility,  at 
some  future  time,  when  the  electrification  of  railroads  for 
long  distances  is  proposed,  of  being  able  to  extend  the 
same  system  of  operation  over  remote  parts  of  the  road, 
and  also  to  other  roads  where  direct  current  can  not  be  used ; 
or  whether  the  higher  weight  efficiency  of  the  direct-current 
motor,  and  the  at  present  greater  reliability  of  service,  compen- 
sates for  the  possibility  that  at  some  future  time  with  the 
advance  of  the  electrical  industry  and  the  extension  of  railroad 
electrification,  we  may  have  to  replace  the  locomotive  equip- 
ment, or  change  locomotives  at  the  end  of  the  direct- 
current  zone  and  the  beginning  of  the  alternating-current  zone. 

Minor  M.  Davis  (by  letter) :  It  is  possible  that  Mr.  Murray's 
remarks  about  the  effect  of  single-phase  currents  upon  tele- 
graph and  telephone  wires  will  be  misunderstood.  Trans- 
formers are  by  no  means  completely  corrective,  although  to 
some  extent  they  are  beneficial.  My  understanding  is  that  the 
transformers  on  the  New  Haven  road  are  applied  only  to  single- 
wire  operation  and  that  they  do  not  neutralize  the  disturbing 
effects  of  the  single-phase  electric  current  sufficiently  to  permit 
the  operation  of  duplexes,  quadruplexes,  and  printer  circuits 
upon  the  wires  to  which  Mr.  Murray  refers.  This  means  that 
one-half  or  two-thirds,  or  even  a  larger  proportion,  of  the  carry- 
ing capacity  of  the  telegraph  wires  is  destroyed,  notwithstanding 
these  transformers.  To  apply  these  transformers,  several  other- 
wise idle  wires  must  be  carried  upon  the  poles,  and  these  wires 
and  transformers  are  objectionable.  They  complicate  single- 
wire  equipment  and  prevent  the  operation  of  multiplex  sys- 
tems. Although  Mr.  Murray  refers  to  the  pilot  wires  and  trans- 
formers as  **  not  costly  ",  they  mean  considerable  expense.  It 
is  more  or  less  of  an  open  question,  as  I  understand  it,  whether 
it  is  the  duty  of  a  corporation  to  prevent  its  electric  current 
interfering  with  the  current  of  another  company,  or  whether 
it  is  the  duty  of  the  latter  to  provide  its  own  protection.  I 
understand  the  highest  court  in  New  York  state  has  ruled  in 
one  of  its  decisions  that  if  a  party: 

Collects  for  pleasure  or  profit  the  subtle  and  imperceptible  electric 
fluid,  there  would  seem  to  be  no  great  hardship  in  imposing  upon  it,  or 
him,  the  same  duty  which  is  exacted  of  the  owner  ot  the  accumulated 
water  power:  that  of  providing  an  artificial  conduit  for  the  artificial  pro- 
duct, if  necessary  to  prevent  injury  to  others. 
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Certainly  there  is  no  disposition  on  the  part  of  the  telegraph 
companies  to  retard  in  any  way  the  advancement  of  the  art 
of  applying  power.  They  are  willing  to  exercise  all  reasonable 
patience,  and  they  would  be  glad  to  have  the  power  companies 
adopt  a  simple  and  inexpensive  remedy  for  these  disturbances; 
but  although  the  writer  and  his  associates  have  given  much 
attention  to  the  subject  they  know  of  no  remedy  which  is  at 
the  same  time  simple,  inexpensive,  and  complete. 

B.  A.  Behrend:  The  single-phase  generators  have  been  a 
source  of  great  trouble,  the  cause  of  which  was  not  immediately 
recognized.  The  heating  of  the  units  due  to  the  variation  in 
the  armature  reaction  was  overcome  by  low-resistance  circuits 
placed  in  the  rotor  surface,  and  acting  as  the  secondary  winding 
of  a  transformer.  This  winding,  however,  reduced  the  effective 
reactance  on  sudden  short-circuits,  resulting  in  great  increase 
of  the  momentary  short-circuit  currents,  and  in  disturbing 
forces  corresponding ,  to  the  square  of  these  currents  on  the 
armature  conductors.  Both  these  difficulties  were  minimized 
by  reactance  coils  placed  in  the  feeders.  I  should  like  to  ask 
Mr.  Murray  what  reasons  have  prevented  the  adoption  of  two- 
phase  generators  in  the  New  Haven  case,  and  what  are,  in  his 
opinion,  the  objections  in  general  to  two-phase  generators  for 
this  class  of  service. 

The  difficulties  experienced  with  the  collection  of  current  are 
not  specifically  connected  with  the  single-phase  system,  but 
they  are,  at  present,  an  essential  part  of  all  systems  of  electric 
railroads  employing  high  potential.  An  inspection  of  the  line 
and  the  flashes  produced  by  imperfect  contact,  A^hich  I  had 
an  opportunity  of  making  since  the  steel  wire  has  been  in- 
stalled, indicated  that  great  improvements  have  been  made  in 
that  direction. 

The  difficulties  experienced  with  the  single-phase  locomotives 
and  the  motors  in  particular,  are  the  vital  issue.  Through  the 
courtesy  of  the  New  Haven  road  I  had  the  opportunity  of  ob- 
serving the  motors  of  a  heavy  two-engine  train  between  the 
Grand  Central  station  and  Stamford,  Conn.  The  operation  on 
both  direct-current  and  alternating-current  power  is  very  much 
alike,  as  far  as  sparking  is  concerned.  In  fact,  the  eight  motors 
operated  very  well  and  without  undue  sparking,  both  in  starting, 
and  at  about  65  miles  an  hour.  No  unbiased  observer  of  ex- 
perience with  electric-traction  apparatus  can  close  his  eyes  to 
the  fact  that,  if  such  results  can  be  obtained  in  the  first  large 
plant  of  this  nature,  very  much  better  results  may  be  predicted 
for  the  system  in  the  future. 

The  temperature  rise  on  alternating  current  is  naturally 
greater  than  on  direct  current.  It  would  be  extremely  inter- 
esting to  obtain  comparative  figures  from  Mr.  Murray  on  this 
subject.  This  matter  is  intimately  tied  up  with  the  question  of 
efficiency  to  which  Mr.  Murray  has  alluded,  without,  however, 
going  into  figures. 
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H.  F.  Parsball  (by  letter) :  In  1901  I  was  appointed  by  the 
Board  of  Trade  a  member  of  a  tribunal,  presided  over  by  the 
Hon.  Alfred  Lyttleton,  to  determine  whether  or  not  such  an 
alternating-current  system  as  proposed  by  Ganz  was  suitable 
for  the  tinderground  railways  of  London.  The  matter  was 
most  thoroughly  investigated  from  every  point  of  view.  I 
came  to  the  conclusion,  which  conclusion  was  supported  by  the 
umpire,  that  the  alternating-current  traction  system  was  not 
the  best  for  working  a  heavy  passenger  service.  My  reasons 
were  that  the  alternating-current  motor  is  at  serious  disadvan- 
tage as  compared  with  the  direct-current  motor  during  the 
period  of  acceleration;  that  from  the  nature  of  things  it  is  in- 
herently heavier  and  more  complicated,  and  must  be  more  ex- 
pensive as  regards  first  cost,  and  vastly  more  costly  to  maintain; 
that  the  sole  advantage  incident  to  the  use  of  an  alternating- 
current  motor  is  in  the  supposed  saving  in  the  first  cost  of  the 
collector  system;  that  when  a  high-tension  system  is  safely 
installed  it  must  be  more  expensive  than  a  third-rail  system — 
consequently  the  whole  reason  for  the  existence  of  an  alter- 
nating-current system  disappears  in  the  final  result.  Since 
1901,  material  progress  has  been  made  in  the  design  of  alter- 
nating-current motors,  and  the  greatest  credit  is  due  to  those 
engineers  who  have  brought  the  alternating-current  motor  to 
its  present  high  state  of  perfection.  Nothing,  however,  has  oc- 
curred that  would  justify  me  in  departing  from  my  original 
conclusion.  In  the  beginning  it  was  suggested  that  the  ^ter- 
nating-current  motor  would  not  have  a  commutator,  and  that 
this  evil  inherent  to  a  direct-current  motor  would  be  dispensed 
with.  In  the  final  result,  however,  a  commutator  50  per  cent 
bigger  than  the  direct-current  commutator  has  been  found 
necessary.  The  perfected  alternating-current  motor  weighs 
about  40  per  cent  more,  has  all  the  objectionable  features  of  the 
direct-current  motor  and  practically  twice  over,  on  account 
of  the  construction  of  the  stator.  The  air-gap  of  this  motor 
in  practice  may  not  exceed  60  per  cent  of  that  of  an  efficient 
and  well-designed  direct-current  motor.  Higher  armature 
speeds  have  generally  been  found  necessary.  With  the  features 
above  mentioned  inherent  to  alternating-current  motors,  the 
first  cost  of  a  train  equipment,  as  also  the  maintenance,  must 
be  nearly  double  that  of  a  direct-current  equipment  of  like 
capacity.  Further,  I  doubt  in  the  heaviest  class  of  electric 
traction  installation,  such,  for  instance,  as  that  in  the  New 
York  Subway,  whether  the  alternating-current  motor  can  be 
made  to  do  the  work  satisfactorily  at  all,  over  a  period  of  time. 
In  addition  to  the  above  well-known  features  of  the  alternating- 
current  motor  the  use  of  a  train  transformer  has  to  be  con- 
sidered. What  ultimate  size  and  form  this  transformer  may 
take  in  heavy,  high-speed  work  remains  to  be  determined, 
since  with  a  jumping  contact  the  strains  on  this  transformer 
are  practically  incalculable. 
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I  think  it  must  be  conceded  by  all,  that  the  alternating-current 
train  equipment,  per  se,  is  inferior  as  regards  cost  and  main- 
tenance to  a  direct-current  train  equipment,  and  that  it  gives 
no  tractive  advantage.  The  advantage,  then,  must  be  ex- 
ternal to  the  train,  and  confined  to  the  system  of  transmission, 
or  more  properly  the  collector  system,  since  the  transmission 
system  would  naturally  be  the  same  either  with  direct  current 
or  alternating  current.  As  a  matter  of  experience  it  has  been 
found  that  the  cost  of  a  high-tension  overhead  system  properly 
installed  is  greatly  in  excess  of  that  of  a  third-rail  system,  and 
having  regard  to  the  exceedingly  numerous  difficulties,  as  put 
in  evidence  by  Mr.  Murray's  paper,  it  cannot  be  contended 
that  the  action  of  an  overhead  high-tension  system  is  anything 
like  as  satisfactory  as  the  third-rail  system.  Considering  all 
that  has  gone  on  in  the  New  Haven  system  up  to  September 
5,  1908,  which  appears  to  be  the  termination  of  Mr.  Murray's 
log,  there  is  absolutely  nothing  to  indicate  that  during  1909 
some  such  series  of  occurrences  are  not  again  to  be  expected. 
All  that  has  occurred  may  be  expected  to  occur  again  in  some 
form  or  another,  since  electric  traction  apparatus  does  not 
manifest  all  its  faults  during  the  first  few  months  of  operation. 

The  absolute  lack  of  commercial  data  as  regards  the  cost  of 
the  installation,  cost  of  operation,  and  cost  of  maintenance 
vitiates  any  conclusion  that  may  be  drawn  other  than  that  the 
system  when  compared  with  such  a  system  as  has  been  installed 
by  the  New  York  Central  is  entirely  unjustified  by  the  practical 
results.  Some  two  years  ago  I  was  shown  a  diagram  of  the 
feeders  and  electrical  system  of  the  New  Haven  Railroad.  I 
could  only  state  that  it  transgressed  every  established  prin- 
ciple as  to  safe  and  reliable  working,  and  that  if  the  system  as 
a  whole  were  to  be  in  any  way  justified,  there  was  no  excuse 
for  starving  the  system  of  feeders  to  such  an  extent,  and  mixing 
up  what  might  be  properly  termed  the  collector  system  with 
the  transmission  system.  In  my  judgment  many  of  the  troubles 
that  have  been  experienced  would  have  been  avoided  had  the 
alternating-current  system  been  installed  in  accordance  with 
accepted  alternating-current  practice,  with  a  high-tension  sys- 
tem of  transmission,  say  from  20,000  to  30,000  volts  with  sub- 
stations at  the  different  sections  and  a  trolley  voltage  not  ex- 
ceeding 5,000.  ■  The  cost  need  not  have  been  greater,  and  the 
system  would  have  been  far  and  away  safer,  in  that  the  different 
sections  could  be  independently  controlled.  Further,  the 
volume  of  stray  current  in  the  earth  causing  electrolysis  and 
induction  troubles  would  be  greatly  lessened.  The  system  has 
apparently  been  designed  on  the  assumption  of  the  undisputed 
right  to  the  wholesale  use  of  the  earth  as  the  return  circuit. 

As  regards  the  difficulty  experienced  with  the  generators,  the 
New  Haven  line  is  not  unique  in  this  respect.  With  a  feeder 
system,  however,  designed  as  above,  it  is  doubtful  whether  the 
generator  windings  would  have  been  displaced,  although  the 
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use  of  a  train  transformer  and  a  jumping  trolley  contact  may 
be  expected  to  introduce  unexpected  phenomena.  Looking  at 
the  alternating-current  system  broadly,  it  seems  to  me  that  its 
advocates  are  more  interested  in  the  electrical  than  the  me- 
chanical aspects  of  the  electric  traction  field,  and  its  opponents  are 
those  who  have  had  the  longest  experience  in  traction  matters 
and  are  not  inclined  to  experiment  with  the  fundamental  ele- 
ments of  a  traction  system,  considering  the  sole  and  total  ad- 
vantage that  can  seriously  be  suggested  is  cheapness.  Why  a 
railway  should  spend  its  tens  of  thousands  per  mile  endeavoring 
to  make  a  system  as  safe  as  possible,  and  then  attempt  to  effect 
a  minor  saving  by  the  introduction  of  a  system  bringing  with 
it  fatal  and  most  experimental  elements,  is  beyond  my  compre- 
hension. Mr.  Murray  states  that  there  have  been  no  fatalities 
so  far  as  the  public  is  concerned,  nor  would  one  expect  such 
fatalities  considering  the  short  time  the  system  has  been  in 
operation  and  the  overhauling  to  which  it  has  been  subjected. 
In  the  fulness  of  time,  however,  there  may  be  collisions,  de- 
railments, or  some  such  occurrence,  in  which  the  overhead 
system  will  be  disarranged,  at  the  same  time  as  passengers 
debouch  from  the  trains.  The  result  of  an  occurrence  of  this 
description  will  in  my  judgment  sound  the  death-knell  of  the 
alternating-current  system  so  far  as  a  passenger  service  is  con- 
cerned. It  is  stated  that  there  have  been  several  fatal  acci- 
dents to  the  employees.  The  number  is  not  given  although  I 
have  been  informed  it  is  considerable,  and  in  the  nature  of 
things  it  must  be  so.  Men  are  required  to  maintain  a  good 
train  service,  and  throughout  the  world  it  is  recognized,  sacrifice 
their  safety  to  the  public  needs.  When,  however,  an  element 
of  certain  death  so  insidious  as  a  system  of  high-tension  con- 
ductors is  made  an  accessible  and  working  part  of  a  railway 
system,  nothing  but  a  long  list  of  fatalities  can  be  expected. 
No  amount  of  rules  and  regulations  will  ever  suffice  to  make 
a  system,  having  inherent  fatal  elements,  safe  to  the  employees, 
in  fact,  having  regard  to  the  exigencies  occurring  in  normal 
railway  practice,  rules  and  regulations  in  general  may  be  taken 
as  existing  in  form  and  not  in  substance. 

I  regret  to  have  to  make  use  of  Mr.  Murray's  expression  in 
stating  as  my  conclusion  that  his  paper  furnishes  conclusive 
material  of  how  not  to  install  a  traction  equipment,  and  it 
appears  to  me  the  only  way  he  could  possibly  justify  his  belief 
as  regards  the  commercial  usefulness  of  the  system  would  be 
by  the  publication  of  such  commercial  data  as  would  show  that 
the  alternating-current  system  as  regards  first  cost  and  cost  of 
operation  has  such  material  advantages  over  the  direct-current 
system  that  all  such  occurrences  as  are  recited  in  this  paper 
are  as  nothing  considering  the  proved  commercial  advantages. 

To  summarize,  I  may  say  I  am  responsible  for  the  electric 
traction  installation  of  the  Central  London  Railway.  While 
this  was  one  of  the  first  systems  to  employ  multiphase  trans- 
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mission  with  synchronous  converters  and  a  direct-current  col- 
lector system,  none  of  the  troubles  instanced  by  Mr.  Murray- 
has  been  experienced,  and  since  the  installation  opened  there 
has  never  been,  all  told,  an  hour's  delay  caused  by  any  elec- 
trical failure;  in  fact  the  whole  service  has  been  characterized 
by  the  utmost  regularity  and  freedom  from  trouble  either  electrical 
or  mechanical.  Since  the  installation  was  designed,  consider- 
able improvement  has  been  made  in  motors,  so  that  with  the 
interpole  construction  higher  voltages  are  practical.  Also  with 
the  under-running  protected  third-rail  system  these  higher 
voltages  can  be  safely  employed  without  risk  either  to  the 
public  or  to  the  staff  of  the  company.  Having  regard  to  the 
history  as  regards  reliability  and  freedom  from  trouble  with  a 
third-rail  system,  as  also  the  wider  field  over  which  it  is  appli- 
cable on  account  of  the  above  improvements,  I  am  of  the  opin- 
ion, so  far  as  the  working  of  passenger  services  over  the  widest 
districts  is  concerned,  that  the  direct-current  system  of  electric 
traction  is  superior  to  the  alternating-current  system  for  dense 
traffic  movements,  and  in  the  majority  of  cases  in  which  elec- 
tricity can  properly  compete  with  steam.  That  there  are 
problems  in  connection  with  freight  haulage  over  long  distances 
in  which  the  multiphase  system  possesses  commercial  advan- 
tages, I  do  not  feel  in  a  position  to  deny,  although  an  examina- 
tion of  the  individual  cases  which  have  been  submitted  to  me 
has  not  in  my  judgment  made  this  an  indisputable  fact.  As 
regards  the  single-phase,  alternating-current  system  there  may 
be  special  applications  to  which  it  is  commercially  applicable. 
I  have  given  the  deepest  study  and  thought  to  various  prob- 
lems, but  in  each  case  the  use  of  the  single-phase  system  has 
proved  illusory.  I  do  not  wish  to  go  further  than  to  state 
that  I  have  not  found  a  problem  to  which  it  is  properly  ap- 
plicable, considering  all  the  facts  as  I  now  see  them.  I  have 
recently  pretty  thoroughly  investigated  railway  matters  in  the 
United  States  and,  considering  the  inherent  properties  of  the 
different  classes  of  apparatus,  my  conclusion  is  that  the  direct- 
current  system  of  electric  traction  is  superior  to  all  others,  and 
is  likely  to  remain  so  for  many  years  to  come. 

A.  H.  Armstrong:  The  enthusiastic  cooperation  of  the  engi- 
neers of  the  railroad  company  and  the  manufacturing  company 
has  brought  this  alternating-current  installation  to  its  present 
engineering  success,  and  nothing  but  admiration  can  be  ex- 
pressed for  the  courage  and  ingenuity  shown  in  overcoming  the 
difficulties  met  with  in  operation. 

It  is  my  understanding  that  the  alternating-current  single- 
phase  system  was  adopted  in  the  New  Haven  installation  in 
order  to  afford  an  opportunity  to  demonstrate  the  suitability 
of  that  system  to  the  possible  further  electrification  of  the  road. 
It  is  further  my  understanding  that  preference  was  given  the 
system  chosen,  for  the  reason  that  it  was  considered  to  be  a 
cheaper  system  as  to  first  cost  than  either  the  600  or  the  1200 
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volt  direct-current  systems,  proposals  upon  which  were  also 
received. 

As  pointed  out  in  the  paper,  the  overcoming  of  difficulty 
after  difficulty  met  with  in  operation,  is  positive  proof  of  the 
progress  made  in  perfecting  the  complete  electrical  and  mechan- 
ical equipment.  Material  changes  have  been  made  both  in 
the  construction  of  the  locomotives  as  well  as  in  the  generating 
and  distributing  system,  so  that  the  final  installation  as  now 
in  operation  is  widely  different  from  the  original  plans,  both  as 
to  engineering  details  as  well  as  to  first  cost  of  the  apparatus 
finally  installed.  Certain  changes  were  made  in  the  generators, 
in  the  switchboard  controlling  apparatus,  etc.,  in  order  to 
obtain  increased  capacity  and  reliability,  these  changes  prestun- 
ably  resulting  in  a  somewhat  increased  cost  over  that  of  the 
original  plans. 

The  trolley  construction  as  now  installed  embodies  certain 
improvements,  as  pointed  out  in  the  paper.  A  considerable 
departure  must  have  been  made  from  the  original  plans  in  order 
to  account  for  the  large  difference  in  the  estimated  cost  of  this 
part  of  the  installation,  before  and  after  its  completion.  In 
the  December  issue  of  the  Street  Railway  Journal,  1905,  Mr. 
Westinghouse  publishes  his  estimate  of  $12,436  per  mile  as  suffi- 
cient to  cover  the  cost  of  contact  line  on  a  four-track  road  be- 
tween Woodlawn  and  Stamford.  Presumably  this  figure  covers 
the  same  labor  and  material,  estimated  to  have  actually  cost 
nearly  $55,000  by  Mr.  Wilgus  in  his  paper  before  the  American 
Society  of  Civil  Engineers.  In  view  of  the  wide  discrepancy 
between  the  cost  of  the  trolley  construction  as  proposed,  and 
as  completed,  it  would  be  instructive  to  know  which  of  the  two 
figures  is  nearer  the  actual  construction  costs. 

The  locomotive  changes  found  necessary  are  most  frankly 
stated  by  Mr.  Murray.  They  have  been  extensive,  and  those 
listed  are  presumably  the  changes  after  the  original  locomotives 
were  received,  and  developed  defects  in  practical  operation. 
The  author  also  states  that  the  locomotives  have  fulfilled  their 
guarantees  as  to  their  capacity  to  haul  200  tons  trailing.  A 
log  of  the  run  giving  the  time  required  to  haul  200  tons  trailing 
with  45-second  stops  averaging  0.451  per  mile  would  have  been 
most  interesting.  If  the  present  locomotives  fulfil  the  guarantees 
as  to  performance  of  a  26  miles  per  hr.  schedule  with  a  15  per 
cent  margin  in  time,  it  may  account  for  the  increase  in  locomo- 
tive weight  from  68  tons  total,  as  proposed,  to  102  tons  as  now 
in  operation. 

It  is  reasonable  to  suppose  that  the  cost  of  these  locomotive 
units  has  increased  in  at  least  a  like  ratio,  although  it  is  my 
experience  that  it  costs  considerably  more  to  construct  an 
alternating-current  single-phase  locomotive  than  one  of  equal 
weight  equipped  with  direct-current  motors.  We  are  therefore 
impressed  with  the  fact  that  in  this  completed  New  Haven 
alternating-current  installation  many  changes  have  been  found 
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necessary,  not  only  in  the  apparatus  as  originally  furnished,  * 
but  also  in  the  original  plans  upon  which  the  decision  to  adopt 
alternating-current  motors  was  presumably  based. 

Published  figures  of  trolley  construction  indicate  that  this 
item  was  estimated  at  but  one-fourth  the  actual  cost,  while  the 
increase  in  locomotive  weight  would  account  for  at  least  an  in- 
crease of  50  per  cent  in  the  cost  presumably  used  in  the  original 
estimates.  The  large  increase  in  cost  of  these  two  items  may 
be  accounted  for,  either  by  an  error  in  the  original  estimates,  or 
by  the  assumption  that  continued  development  of  the  alter- 
nating-current single-phase  system  has  called  for  more  liberal 
construction,  greater  factors  of  safety,  and  a  readjustment  of 
ideas  previously  formed. 

While  preference  may  originally  have  been  given  the  alter- 
nating-current motor  for  this  installation,  with  the  limited 
knowledge  of  its  operation  then  considered,  I  find  it  hard  to 
justify  Mr.  Murray's  present  enthusiasm  for  a  system  that  ap- 
pears to  be  in  many  ways  unsuited  to  the  New  Haven  con- 
ditions. In  this  connection,  I  will  state  that  the  weight  of  the 
locomotives  as  now  installed  approaches  fairly  close  to  the 
weight  of  the  locomotive  which  I  estimated  was  required  to 
perform  the  service  originally  specified. 

No  operating  company  can  afford  to  submit  to  the  traffic 
interruptions  and  delays  outlined  in  Mr.  Murray's  paper,  unless 
the  object  to  be  attained  be  of  the  most  far-reaching  character. 
In  view  of  the  fact  that  the  alternating-current  trolley  con- 
struction as  installed  on  the  New  Haven  apparently  costs  80 
per  cent  more  than  a  600- volt  third  rail,  and  the  alternating- 
current  locomotives  cost  at  least  double  for  the  same  service 
performed,  it  is  instructive  to  compare  the  operating  results 
secured  with  the  two  systems. 

Comparative  Data  Alternating-Current  and  Direct-Current 

Locomotives 


Weight  total 

Weight  on  driver 

Nvunber  of  motors 

Total  h.p.,  1  hr.  rating. . 
Guaranteed  trailing  load 


600  volt  d.c. 

New  Haven 

11,000  volt  a.c. 

600  volt  d.c. 

94.5  tons 

102  tons 

68.6     - 

77     - 

4 

4 

2200 

1000 

400  tons 

200  tons 

The  locomotive  weights  given  above,  include  pony  trucks  on 
both  locomotives. 

Having  approximately  the  same  total  weight,  a  single  New 
York  Central  locomotive  unit  has  a  capacity  equal  to  two  New 
Haven  units,  although  the  motors  of  the  latter  are  cooled  by 
forced  ventilation,  while  in  the  New  York  Central  motors 
natural  ventilation  is  employed. 
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Much  has  been  said  to-night  about  the  New  Haven  loco- 
motives meeting  their  guarantees,  and  handling  a  trailing  load 
of  200  tons,  and  also  the  wisdom  of  not  adopting  a  unit  of  any 
larger  capacity  on  account  of  the  average  weight  of  trains  on 
the  New  Haven  road  being  approximately  212  tons.  I  have 
drawn  up  a  list  of  the  trains  drawn  on  November  21  by  the 
New  York  Central  locomotive  unit,  a  single  unit.  This  list 
comprises  a  majority  of  the  trains  handled  that  day  which 
exceeded  the  guaranteed  trailing  load  of  400  tons. 

New  York  Central  Locomotive  Performance 

Trailing  Loads  in  Excess  of  400  tons.  Nov.  21.  1908 


Train  No. 

Weight 

Train  No. 

Weight 

Special 

475  tons 

7 

480  tons 

m 

570     - 

71 

471     « 

54 

416     •* 

Special 

571     - 

14 

430     - 

M 

424     - 

18 

424     « 

M 

658     « 

28 

434     - 

M 

483     •• 

26 

491     - 

" 

420     - 

16 

468     - 

•• 

475     " 

10 

445     - 

M 

506     - 

58 

628     - 

" 

482     - 

22 

411     " 

M 

460     " 

A 

23 

467     " 

" 

550     - 

27 

441     * 

W 

572     - 

•j^ 

31 

524     " 

" 

536     - 

17 

439     " 

« 

558     " 

33 

475     " 

*< 

570     - 

; 

9     . 

454     - 

" 

575     - 

19 

668     - 

M 

571     - 

3 

515     « 

U 

650     " 

41 

465     - 

" 

519     - 

29 

541     « 

" 

600     - 

59 

516     " 

" 

660     •* 

37 

420     " 

u 

569     - 

It  is  to  be  noted  that  every  one  of  the  above  trains  hauled 
by  a  single  direct-current  New  York  Central  unit  would  have 
required  two  New  Haven  alternating-current  units. 

The  reliability  of  the  direct-current  and  alternating-current 
system  is  clearly  illustrated  in  the  following  table  of  train- 
minutes  delay  for  the  months  of  July  to  October  1908,  inclusive. 
The  alternating-current  figures  are  taken  from  Mr.  Murray's 
paper  and  the  direct-current  figures  from  the  New  York  Central 
operation.  The  figures  for  the  New  York  Central  operation  are 
not  official,  but  doubtless  Mr.  Murray  can  correct  any  error 
withlhis  possible  access  to  official  records. 

Train-Minutb  Delays,  Central  and  New  Haven,  4  Months, 
July-October,  1908 


July 

August. . . 

September 

October. . . 

Total. 


Ncw^ 

^ork< 

Antral 

New  Haven 

41 

2281 

53 

1611 

18 

8d3 

48 

910 

160 

min. 

5685  mia. 
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The  New  Haven  figures  make  no  note  of  delays  of  over  300 
minutes.  The  Central  figures  include  delays  due  to  locomotives 
or  operators  only,  as  during  these  four  months  there  were  no 
delays  due  to  generating,  transmission,  sub-stations  or  third  rail 
and  feeder  distribution  systems,  in  spite  of  the  alleged  com- 
plication of  such  a  system. 

It  is  difficult  to  assign  any  exact  field  for  alternating-current 
motors,  but  it  is  my  conviction  that  under  the  conditions  out- 
lined in  Mr.  Murray's  paper,  the  installation  of  the  alternating- 
current  system  is  a  mistake,  and  that  Mr.  Murray  has  not  shown 
any  reason  for  his  statement  that  if  three  years  ago  he  was  in 
favor  of  the  alternating-current  system  for  the  conditions  out- 
lined, he  is  much  more  in  favor  of  it  to-day.  In  view  of  the 
fact  that  the  generating  station  does  not  cost  less,  that  the 
overhead  trolley  construction  costs  50  per  cent  more  than  a 
third-rail  construction,  that  the  locomotives  cost  fully  double 
that  of  corresponding  direct-current  locomotives  of  the  same 
capacity,  it  is  hard  to  find  any  justification  for  the  enthusiasm 
displayed  for  the  alternating-current  system  installed  under 
the  conditions  outlined  in  the  paper. 

N.  W.  Storer:  In  his  remarks,  Mr.  Armstrong  makes  com- 
parisons between  the  New  York  Central  and  New  Haven  loco- 
motives. A  table  is  given  in  which  the  weight  of  the  New 
York  Central  locomotive  is  stated  to  be  94.5  tons,  while  that 
of  the  New  Haven  locomotive  is  given  as  102  tons.  Following 
this  table  is  the  statement  that  the  locomotive  weights  given 
include  pony  trucks  on  both  locomotives.  As  to  the  exact 
weight  of  the  present  New  York  Central  locomotive,  I  am 
unable  to  give  any  information,  except  that  it  has  usually  been 
given  as  about  97  tons,  instead  of  94.5.  However,  it  is  well 
known,  and  has  been  announced  in  the  technical  press  that  all 
the  New  York  Central  locomotives  are  to  be  reconstructed  by 
changing  the  two-wheel  trucks  to  four-wheel  trucks,  and  that 
the  weight  of  the  modified  locomotive  is  between  115  and  120 
tons.  Of  course,  as  the  New  Haven  locomotives  haye  been 
modified  so  much  faster  than  those  on  the  New  York  Central, 
their  weight  may  be  temporarily  slightly  in  excess  of  the  New 
York  Central  locomotives,  but,  to  be  strictly  fair  in  the  com- 
parisons, Mr.  Armstrong  should  have  given  the  final  weight  of 
the  locomotives. 

Mr.  Armstrong  also  states  in  his  table  that  the  guaranteed 
trailing  load  of  the  New  York  Central  locomotive  is  400  tons, 
and  that  of  the  New  Haven  is  200  tons.  The  trailing  loads  of 
these  two  locomotives  should,  of  course,  be  compared  in  the 
same  kind  of  service.  The  New  York  Central  guarantee  was 
based  Dn  express  service  with  long  layovers.  The  New  Haven 
locomotive  was  guaranteed  to  handle  a  200-ton  trailing  load 
in  continuous  local  service.  These  locomotives  are  guaranteed 
to  handle  250  tons  in  local  service  as  far  out  as  Port  Chester,  a 
distance  of  25.6  miles  from  Grand  Central  station.     They  also 
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handle  300  tons  trailing  load  in  local  service  to  New  Rochelle. 
a  distance  of  16.6  miles.  In  express  service,  which  is  the  class 
of  service  on  which  the  New  York  Central  guarantee  was  based, 
the  New  Haven  locomotive  handles  easily  a  load  of  300  tons. 

In  Mr.  Armstrong's  table,  therefore,  there  should  be  sub- 
stituted a  weight  of  not  less  than  1 15  tons  as  the  weight  of  the 
New  York  Central  locomotive,  and  300  tons  as  the  guaranteed 
trailing  load  of  the  New  Haven  locomotive. 


4000       8000         12000        /6000         ZOQOO       Z4000 

Tracfive  Efiori  Lbs. 
rig,L 

No  one  is  more  anxious  than  I  to  give  the  New  York  Central 
locomotive  full  credit.  I  believe  that  it  is  doing  most  excellent 
service.  But  what  is  the  service?  Simply  switching — nothing 
more  or  less.  There  are  a  few  trains  that  have  to  be  hauled 
out  to  Wakefield,  a  distance  of  about  12  or  13  miles.  The  re- 
mainder of  the  trains  are  changed  at  High  Bridge,  which  gives 
a  distance  of  only  about  6  miles  for  the  locomotives  to  handle 
the  majority  of  the  trains,     This  is  anything  but  trunk-line 
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service.  The  distance  is  so  short,  and  the  service  necessarily 
so  intermittent,  that  the  locomotives  should  be  able  to  work 
at  a  load  far  in  excess  of  the  one-hour  rating  without  over- 
heating. They  are,  therefore,  able  to  handle  the  heavy  trains 
without  double-heading,  as  was  intended  when  the  electric 
zone  was  laid  out.  It  is  a  noteworthy  fact  that  since  the  wreck 
of  the  Brewster  express,  these  locomotives  have  never  been  run 
double-headed.  It  is  also  noteworthy  that  after  that  date  the 
limiting  speed  on  the  New  York  Central  electric  zone  was  45 
miles  per  hr.  until  recently,  when  it  has  been  raised  to  50  miles 
per  hr.  Under  these  circumstances,  it  is  impossible  to  make 
comparisons  between  them  and  the  New  Haven  locomotives, 
which  are  and  have  been  operating  in  all  classes  of  service,  run- 
ning most  of  the  time  at  very  high  speeds.  If  the  New  York 
Central  locomotives  should  be  reconstructed  so  as  to  make  them 
safe  for  high-speed  express  service,  and  the  company  carries 
the  electrification  to  the  limits  originally  considered,  there  may 
be  a  chance  to  compare  the  two  locomotives  on  a  fair  basis. 
At  present  to  talk  about  the  enormous  trailing  loads  handled 
by  the  New  York  Central  locomotives  is  misleading. 

Mr.  Armstrong  mentions  the  great  increase  in  weight  of  the 
New  Haven  locomotive  over  what  he  thinks  was  the  original 
estimate.  He  is  in  error  in  regard  to  this  point.  The  original 
estimate  for  this  locomotive  was  78  tons.  The  first  one  built 
weighed  89  tons.  The  electrical  equipment  installed  in  the  first 
locomotive  weighed  10  or  15  per  cent  more  than  the  estimate, 
and  has  been  increased  very  little  since  then.  The  additional 
weight  which  has  been  put  into  these  locomotives  has  been 
almost  entirely  in  mechanical  parts,  steam  heaters,  etc.  One 
thing  must  be  borne  in  mind:  the  electric  locomotive  of  the 
future  will  be  designed  so  as  to  have  good  riding  qualities;  and 
to  secure  them,  the  mechanical  parts  will  form  a  much  larger 
part  of  the  total  weight  than  was  thought  necessary  or  desirable 
two  or  three  years  ago.  This  feature  in  itself  will  bring  the 
weights  of  the  single-phase  and  direct-current  locomotives  much 
nearer  together. 

When  discussing  the  question  of  cost,  why  is  it  that  the  in- 
crease in  cost  of  the  New  Haven  installation  over  and  above 
the  supposed  estimates  is  so  much  under  discussion,  while  in 
the  New  York  Central  installation  nothing  is  considered  except 
the  cost  of  locomotives,  and  possibly  that  of  a  straight  section 
of  third-rail.  I  should  be  more  than  glad  to  see  the  total 
official  cost  of  the  New  York  Central  installation  side  by  side 
with  that  of  the  New  Haven.  Without  such  figures,  it  is  use- 
less to  discuss  costs.  However,  it  may  be  noted  in  passing  that 
the  statement  of  Mr.  Wilgus  in  a  paper  read  before  the  Amer- 
ican Society  of  Civil  Engineers,  that  the  cost  of  electric  current 
must  be  increased  from  0.58c.  per  kilowatt-hour  at  the  power 
house  to  2.6c.  at  the  shoes  of  the  locomotive  to  cover  the  cost 
of  operation,  investment,  etc.,  foreshadows  some  enormous 
expenses. 
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Concerning  double-heading,  much  has  been  said  about  the 
number  of  extra  locomotives  required  for  the  New  Haven  Rail- 
road, on  account  of  being  obliged  to  operate  25  per  cent  of  their 
trains  with  two  locomotives.  In  this  connection,  a  query  arises 
in  my  mind.  Why  is  it  that  the  New  York  Central  finds  it 
necessary  to  buy  12  additional  locomotives,  making  47  in  aU, 
while  the  New  Haven  Railroad  can  get  along  with  41  locomotives 
of  such  an  extremely  small  capacity  as  they  are  supposed  to 
have,  in  handling  all  of  their  traffic  as  far  as  Stamford,  it  being 
borne  in  mind,  of  course,  that  the  New  York  Central  operates 
a  large  number  of  multiple-unit  trains.  Let  us  have  some 
actual  figures  in  regard  to  the  New  York  Central  installation, 
both  in  regard  to  cost  of  installation,  cost  of  operation  of  power 
stations,  sub-stations,  distributing  system,  etc.,  and  in  regard 
to  the  mileages,  etc.,  of  their  locomotives. 

O.  S.  Lyfordy  Jr.  (by  letter) :  In  developing  its  plans  for  elec- 
trification, the  Erie  Railroad  Company  has  adopted  the  method 
advocated  by  one  of  the  speakers.  It  commenced  its  work  on  a 
moderate  scale  on  a  branch  line  with  34  miles  of  track  and  6 
motor  cars.  This  may  seem  at  first  to  be  insignificant  com- 
pared with  the  New  Haven  system;  but  the  mileage  is  30  per 
cent  of  that  of  the  New  Haven,  the  number  of  motive  power 
units  15  per  cent,  and  the  capacity  of  each  motive  power  unit 
40  per  cent.  The  line  is  operated  with  11, 000- volt,  single- 
phase  trolley.  It  was  constructed  during  the  operation  of  the 
road  by  steam  locomotives,  and  the  division  is  now  being 
operated  by  both  steam  and  electric  motive  power.  This  line 
has  been  in  operation  18  months  with  the  following  results: 

Safety.  One  man  lost  his  life  during  the  first  few  days  of 
operation  by  coming  in  contact  with  the  trolley  wire.  This 
was  an  employee  who  had  been  carefully  instructed  but  **  for- 
got." There  have  been  no  other  personal  injuries  to  employees 
or  to  the  public  due  to  the  electrical  equipment. 

Reliability.  In  October  1908  there  were  no  detentions  charge- 
able to  the  electrical  equipment.  In  November  there  were 
four  detentions  of  this  character:  one  due  to  control  trouble, 
two  due  to  hot  motor  bearings,  one  due  to  breakage  of  air- 
compressor  crank  shaft.  Jhree  of  these  detentions  were  of  a 
character  preventable  by  more  rigid  inspection. 

In  December  there  had  been  no  detentions  up  to  the  date  of 
the  meeting. 

It  should  be  noted  that  only  one  detention  was  due  to  a 
strictly  electrical  cause,  and  none  was  due  to  high  voltage  or  to 
the  single-phase  features  of  the  equipment. 

It  is  believed  that  this  record  of  nearly  2.5  months  will  com- 
pare favorably  with  any  other  electrically  operated  road.  This 
record,  however,  was  obtained  only  after  the  equipment  had 
been  in  process  of  **  tuning  up  "  for  many  months.  In  the  12 
months  ending  Oct.  31,  1908,  there  were  120  detentions  charge- 
able to  the  electrical  equipment,  which  detentions  totaled  4^X) 
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minutes.  These  include  a  number  of  serious  detentions  due 
to  the  90-mile,  60,000-volt  transmission  line  over  which  power 
is  received  from  Niagara  Falls  for  the  operation  of  this  road. 
The  record  is  much  better  than  that  of  the  steam  equipment 
replaced. 

Maintenance,  There  have  been  no  transformer  troubles, 
either  on  the  cars  or  in  the  sub-stations.  Motor  troubles  have 
been  very  few.  There  were  no  mechanical  troubles  with  the  contact 
wire.  The  wear  on  this  wire  up  to  August  1908  was  from  0.004  to 
0.009  in.,  at  which  rate  it  would  be  between  20  and  30  years 
before  the  wire  would  be  worn  back  to  the  supporting  clips. 
Stretch  of  the  copper  wire  and  abnormal  wear  at  hard  spots 
will  no  doubt  result  in  a  life  materially  less  than  this.  * 

There  has  been  no  apparent  deterioration  of  the  galvanizing 
of  the  messenger  cable  and  other  galvanized  parts,  but  such 
painting  as  was  done  on  the  overhead  work  has  not  lasted. 

There  have  been  no  material  troubles  or  expense  caused  by 
locomotive  gases. 

The  life  of  the  pantagraph  shoes  average  about   15,000  miles. 

Cost  of  operation.  The  operating  cost  under  the  usual  trans- 
portation and  maintenance  headings  of  the  Interstate  Commerce 
Commission  classification,  averaged  during  last  summer  about 
18  cents  per  car-mile. 

It  is  difficult  to  make  a  fair  comparison  of  the  New  Haven 
log  of  operations  with  a  similar  log  of  other  existing  electrical 
service.  The  records  of  such  roads  as  come  under  the  writer's 
observation  vary  widely,  and  the  variations  are  largely  due  to 
conditions  independent  of  the  character  of  the  equipment. 

Multiple-unit  service  with  trains  of  more  than  two  motor  cars 
shows  up  better  than  single-unit  service,  owing  to  the  fact  that 
many  of  the  faults  of  car  equipment  can  occur  without  causing 
detentions,  the  other  equipment  carrying  the  train  through  on 
time. 

Some  schedules  are  operated  under  conditions  well  within  the 
speed  limit  of  the  equipment,  so  that  time  can  be  made  up  after 
a  detention.  On  other  roads  the  schedule  is  practically  up  to 
the  speed  limit. 

In  some  schedules  there  is  considerable  layover  of  trains  at 
one  or  both  ends  of  the  line,  while  in  others,  where  the  conditions 
permit  and  the  equipment  is  worked  hard,  the  layovers  are 
short,  and  a  car  trouble  cannot  be  remedied  in  time  to  prevent 
delays  possibly  affecting  a  number  of  trains. 

If  trains  are  operated  on  short  headway,  the  train  in  trouble 
may  be  helped  through  by  a  succeeding  train,  thus  minimizing 
the  number  of  train-minutes  delay,  whereas  with  infrequent 
service  a  comparatively  insignificant  car  trouble  may  show  up 
badly  in  the  log. 

Equipment  troubles  increase  with  the  speed,  particularly 
troubles  with  the  moving  contact. 

In  an  analysis  of  the  troubles  which  actually  occur  in  elec- 
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trical  operation,  whether  direct  current  or  alternating  current, 
it  is  apparent  that  the  power  station »  transmission  Unes,  sub- 
stations, and  distribution  system,  whether  third-rail  or  over- 
head, cause  but  a  small  proportion  of  the  train  detentions. 
The  record  of  the  third-rail  is  especially  good  in  this  particular. 
Most  of  the  detentions  are  due  to  trouble  on  the  cars,  and  of 
these  by  far  the  largest  proportion  results  from  defective  control. 

In  the  light  of  this  experience,  it  is  believed  by  the  writer 
that  the  New  Haven  troubles  will  soon  be  confined  mainly  to 
the  locomotives,  and  these  will  not  be  serious.  The  forced  use 
of  the  combined  alternating-current  and  direct-current  systems 
is  an  abnormal  burden  on  this  operation.  In  view  of  the  fact 
above  stated,  that  is,  that  most  of  the  train  detentions  are 
caused  by  the  control,  it  may  be  anticipated  that  the  New  Haven 
operation  will  not  do  quite  as  well  in  the  long  run  as  a  straight 
single-phase  service.  The  use  of  multiple-unit  motor  cars  will 
help  to  improve  the  log. 

The  Erie  record  above  quoted,  gives  no  indication  that  deten- 
tions due  to  locomotive  troubles  with  a  straight  single-phase 
system  will  be  materially  greater  than  with  the  direct-current 
system. 

The  maintenance  cost  is  another  matter.  The  greatly  in- 
creased cost  of  the  electrical  equipment  of  the  locomotive  or 
motor-car  must  necessarily  involve  greater  cost  of  repair  and 
maintenance.  The  savings  effected  in  other  parts  of  the  sys- 
tem must  carry  this  burden. 

W.  N.  Smith  (by  letter) :  The  oral  discussion  of  Mr.  Murray's 
paper  was  so  far  given  over  to  the  particular  merits  of  single- 
phase  railway  apparatus,  and  especially  to  contrasts  between 
alternating-current  and  direct-current  locomotives,  that  certain 
other  equally  important  features  of  the  paper  were  overlooked. 

It  was  stated  that  the  single-phase  motor  is  the  keystone  of  the 
system,  and  controversy  upon  this  feature  has  been  plentiful. 
The  writer  submits,  however,  that  although  the  single-phase 
motor  may  figuratively  be  called  the  keystone  of  the  single- 
wire,  high-voltage  trolley  system,  the  whole  system  is  a  means 
to  an  end,  the  end  being  the  minimum  cost  of  motive  power 
which  it  is  possible  to  effect  by  means  of  this  system  of  working 
conductors. 

Comparing  the  relative  amount  of  dependence  placed  upon 
each  element  of  the  electric  motive  power  system  as  a  whole, 
in  the  last  analysis  the  chief  element  is  the  working  conductor. 
In  another  sense  also  the  working  conductor  is  the  fundamental 
point  of  departure  in  a  railway  system;  for  in  the  nature  of  things 
it  is  the  means  whereby  power  is  supplied  to  a  moving  load 
through  a  moving  contact,  instead  of  to  a  stationary  load  as 
in  all  other  varieties  of  electric  power  application.  Of  the  three 
links  in  the  chain,  therefore,  the  one  that  is  most  truly  char- 
acteristic of  railway  conditions  is  the  working  conductor. 

The  writer  believes  it  will  be  conceded  by  all  engineers  who 
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have  had  to  cany  any  real  responsibility  for  bringing  a  railway 
line  into  operative  condition,  and  keeping  it  there,  that  the 
worst  interruptions  they  have  to  guard  against  are  those  due 
to  failures  of  the  working  conductors  and  the  power  distributing 
system.  That  part  of  the  system  which  is  housed  in  power 
house  and  sub-stations,  while  equally  vital  in  importance  with 
the  line,  is  nearly  always  present  in  duplicate,  so  that  failure 
of  one  piece  of  apparatus  is  quickly  made  good  by  substitution, 
and  it  is  also  always  possible  to  duplicate  the  feeder  distribution 
system;  but  working  conductors,  whether  trolley  or  third-rail, 
are  rarely  installed  in  duplicate,  and  their  failure  usually  means 
cessation  of  service  until  the  defect  can  be  reached  and  repaired. 

An  examination  of  the  four  months*  record  given  by  Mr. 
Murray,  as  well  as  records  of  several  other  heavy  electric  trac- 
tion systems,  both  alternating  and  direct-current,  show  clearly 
that  while  the  greatest  number  of  train  detentions  is  due  to 
trouble  with  car  apparatus,  the  detentions  due  to  line  trouble 
or  other  derangements  of  the  power  system  are  of  far  greater 
average  duration  than  those  due  to  car  failures. 

It  is  stated  by  Mr.  Murray  that  it  became  evident  at  one 
time  that  electrical  operation  would  cease  if  some  change  in 
the  contact  wire  were  not  effected;  but  nowhere  in  the  paper 
is  it  implied  that  such  a  result  was  at  any  time  impending,  by 
reason  of  the  defects  in  locomotives  or  generators.  It  is  diffi- 
cult to  see  how  greater  emphasis  could  be  placed  on  the  neces- 
sity for  any  single  element. 

As  between  the  merits  of  the  alternating-current  and  direct- 
current  systems  for  any  given  train  service  on  a  given  road, 
there  is  no  longer  any  doubt  as  to  the  possibility  of  determining 
in  advance  which  system  can  be  installed  and  operated  for  the 
least  money;  but,  with  respect  to  other  considerations  than 
those  of  cost,  it  is  fortunate  that  engineers  now  have  available 
the  results  of  the  New  Haven  Railroad  experience  to  assist 
their  judgment  in  solving  heavy  traction  problems. 

Reference  has  been  made  to  the  boldness  of  the  New  Haven 
Railroad  in  trjdng  such  a  newly  developed  system  on  so  large 
a  scale.  In  the  writer's  opinion  the  boldest  part  of  the  enter- 
prise was  the  adoption  of  a  previously  undeveloped  system  of 
line  construction.  Unlike  the  other  links  in  the  chain,  this 
one  could  not  be  put  out  of  commission  for  days  at  a  time  nor 
could  it  be  taken  into  a  shop  over  night  and  brought  out  in  the 
morning.  It  had  to  be  maintained  in  situ  over  a  very  frequent 
traffic  and  repaired  only  with  the  current  off,  and  for  the  most 
part  from  a  work  train.  The  engineers  who  maintained  the 
line  in  the  face  of  all  adverse  conditions  should  be  credited 
with  the  performance  of  a  task  which,  however  easy  to  conceive 
and  calculate  in  advance,  was  the  most  difficult  to  carry  out  of 
any,  in  the  maintenance  of  the  whole  system. 

The  means  adopted  by  the  New  Haven  engineers  to  overcome 
trolley  difficulties  seem  to  have  been  successful.     There  is  no 
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doubt  that  the  conditions  of  catenary  trolley  operation  on  the 
New  Haven  road  are  so  severe,  particularly  by  reason  of  the  fre- 
quency of  very  low  bridges,  that  the  fact  that  there  is  now  a  reas- 
onable certainty  of  continuous  operation  bodes  well  for  the  per- 
manency of  the  improved  methods  adopted.  Experience  on 
other  single-phase  systems  where  traffic  and  clearance  conditions 
are  less  exacting,  shows  that  the  devices  composing  the  system 
of  working  conductors  and  moving  contacts  are  adequate  and 
reasonably  reliable.  For  railway  systems  where  clearance  con- 
ditions are  severe,  and  requirements  for  continuity  of  service 
are  the  most  exacting,  it  is  probable  that  further  improvement 
in  mechanical  detail  of  the  working  conductors  and  moving  con- 
tact device  will  be  developed  to  ensure  even  greater  smoothness 
of  operation.  The  improvements  which  experience  has  shown 
to  be  necessary  in  the  manufactured  apparatus  comprised  in 
single-phase  generating  and  locomotive  equipment,  seem  to 
have  been  well  taken  care  of;  but  the  apparently  simpler  yet 
more  fundamental  problem,  of  improving  the  moving  contact 
system,  still  presents  a  field  for  the  exercise  of  inventive  genius. 

Philip  Dawson  (by  letter) :  On  broad  principles  I  agree  with 
the  conclusions  at  which  Mr.  Murray  arrives,  in  which  he  pins  his 
faith  for  general  railway  electrification,  of  urban,  suburban, 
and  long-distance  lines,  to  the  single-phase  system.  It  is  the 
very  serious  inconvenience  possessed  by  the  direct-current, 
third-rail  system  which  I  believe  has  brought  about  the  intro- 
duction of  the  single-phase  system.  Had  it  not  been  for  the 
latter  system,  the  conditions  are  such  that  the  directors  and 
officers  of  the  London,  Brighton,  and  South  Coast  Railway 
Company  could  never  have  seen  their  way  to  adopt  electric 
traction,  if  adopting  it  had  involved  the  use  of  the  third-rail 
system. 

The  form  of  construction  is  the  double  catenary,  details  of 
which  are  shown  in  Fig.  1.  Figs.  2,  and  3  illustrate  the 
trolley  wire  after  it  has  been  put  up  and  whilst  it  is  only  tem- 
porarily supported,  before  being  finally  fixed  to  the  clips  and 
droppers  which  support  it  from  the  two  catenaries.  The  . 
droppers  are  solid  sherrardized  steel  wire,  the  shorter  ones 
having  a  loop  at  each  end,  the  longer  ones  consisting  of  two 
parts  looped  in  the  middle.  This  arrangement  gives  great 
flexibility  for  the  trolley  wire  in  the  vertical  plane,  whilst  en- 
suring great  stability  in  the  horizontal  plane. 

The  catenaries  are  of  galvanized  steel  wire  cable  |  in.  in  diam- 
eter. Each  catenary  is  independently  fixed  by  means  of  a 
turn-buckle  and  insulator,  and  supported  from  a  saddle-piece 
resting  on  the  top  of  the  main  insulator.  The  sag  in  the  cate- 
naries is  calculated  so  as  to  produce  absolute  balancing  at  the 
supports.  The  principal  insulator  has  to  bear  a  dead  weight 
which  amounts  to  850  lb. 

All  of  the  insulators  are  of  the  best  quality  porcelain.  All 
of  them  have  been  tested,  the  principal  ones  to  65,000  volts, 
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and  the  secondary  ones  to  25,000  volts  for  30  minutes;  10  per 
cent  of  the  insulators  were  tested  mechanically.  The  whole  con- 
struction of  the  catenaries,  girder  bridges,  insulators,  etc.,  is 
calculated  so  as  to  result  in  a  factor  of  safety  of  ten. 

The  trolley  wire  itself  is  round,  with  sharp  grooves  at  the 
sides  into  which  mechanical  clips  fix,  and  its  area  is  0.197  sq.  in.; 
its  tensile  strength  being  in  all  cases  superior  to  22  English 
tons,  per  square  inch.     (1  ton  =  2240  lb.) 


Fig.  1 

In  order  to  prevent  the  hammer  blows  from  which  the  New 
Haven  line  has  suffered,  the  whole  construction  has  been  de- 
signed so  as  to  make  the  clips  and  the  droppers  from  which  the 
clips  are  supported  as  light  as  possible  in  comparison  to  the 
weight  of  the  trolley  wire  itself. 

Three  years  ago,  at  the  time  the  London,  Brighton  and  South 
Coast  Railway  installation  was  planned,  I  made  the  most  careful 
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investigation;  and  it  was  then  that  I  decided  on  the  flexible 
system  instead  of  the  rigid  one  originally  adopted  by  the  New 
Haven  line. 

The  greatest  span  so  far  is  195  ft.  The  vertical  projection 
of  the  sag  of  the  catenary  wire  at  50  degrees  fahr.  for  this  span, 
corresponds  to  6  ft.  Contrary  to  continental  practice,  the 
trolley  wire  is  drawn  up  and  anchored  at  both  ends  with  due 


Fig.  2 

regard  for  the  lowest  temperature  to  which  it  may  be  subjected, 
so  that  in  the  coldest  weather  the  elastic  limit  should  not  be 
exceeded  in  the  wire. 

I  have  provided  for  the  wire  being  staggered  18  in.  altogether, 
or  9  in.  on  either  side  of  the  center  line  of  the  track,  although 
there  are  occasions  when  I  have  diverted  so  as  to  go  as  far  as  13 
in.  from  the  center  line. 

The  normal  height  of  the  wire  will  be  between  16  and  17  ft.. 
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whilst  in  the  two  terminal  stations  the  height  is  21  ft.  At 
some  of  the  lowest  bridges  the  wire  descends  to  a  height  of  13  ft. 
10  in.,  or  only  4  in.  above  loading  gauge.  The  train  service 
which  will  operate  over  this  line  at  present  is  of  a  purely  local 
character,  and  it  is  not  likely  that  at  the  outset  a  speed  of 
45  miles  an  hour  will  be  exceeded. 

The  extensions  that  will  be  proceeded  with  as  soon  as  satis- 


FiG.  3 

factory  results  are  obtained  on  the  first  portion  now  nearing 
completion  may,  however,  involve  the  operation,  not  only  of 
multiple-unit  local  trains,  but  of  trains  hauled  by  electric  loco- 
motives, which  of  course  may  obtain  speeds  considerably  higher 
than  that  at  present  contemplated. 

Careful  consideration  has  led  me  not  to  adopt  the  pantograph 
type  of  collector,  but  to  adopt  a  type  of  trailing  bow  collector. 
This  collector  consists  of  a  tubular  frame,  the  top  of  which  is 
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fitted  with  two  bows,  one  forming  the  rigid  portion  of  the  frame 
itself  whilst  the  other  is  hinged  and  sprung  from  it.  It  is  be- 
lieved that  this  method  will  ensure  sparkless  running,  and  op- 
erating with  a  pressure  of  from  12  to  15  lb.  between  the  col- 
lector strip  and  the  contact  wire.  There  are  two  bows,  one  for 
operating  in  each  direction.  On  the  top  of  the  collector  bows 
are  fixed  renewable  grooved  aluminum  strips,  as  it  is  believed 
that  by  this  means  the  wear  of  the  wire  will  be  localized  on 
the  contact  strip,  virtually  no  wear  of  the  trolley  wire  taking 
place.  Furthermore,  owing  to  the  form  of  strip,  and  to  the  low 
pressure  exercised  by  it  against  the  trolley  wire,  the  cost  of  the 
strip  itself  will  not  be  a  very  large  item  in  the  working  expenses. 

Ivan  Ofverholm  (by  letter) :  In  Sweden  we  have  had  a  trial 
road  for  testing  single-phase  details.  These  trials  are  now  fin- 
ished and  a  report  made,  which  I  hope  will  soon  appear  in  Amer- 
ican translation.  It  may  interest  the  Institute  to  read  of  some 
details  about  our  trials,  and  make  a  comparison  between  the 
experience  gained  by  us  and  the  New  Haven  officials. 

The  conditions  in  our  power  station  were  somewhat  different 
from  those  in  the  Cos  Cob  station.  We  had  four-pole  generators, 
running  750  rev.  per  min.  and  driven  by  steam-turbines.  In 
this  case  the  fly-wheel  effect  of  the  steam  turbine  with  its 
gearing  (reduction  8500  to  750)  was  about  three  times  as  great 
as  the  fly-wheel  effect  of  the  generator;  therefore,  when  a  short- 
circuit  came  on,  the  stresses  on  the  generator  shafts  were  so 
severe  that  the  shafts  were  twisted.  For  this  reason  the  coup- 
ling between  generator  and  turbine  had  to  be  made  so  weak 
that  it  would  break  when  severe  short-circuits  came  on.  It  was 
also  proposed  to  make  a  kind  of  spring-coupling  that  would 
allow  the  generator  to  slow  down  when  the  momentary  stress 
of  a  short-circuit  came  on;  but  as  the  cost  of  such  a  contrivance 
was  considerable,  we  preferred  to  make  a  coupling  that  did 
break,  but  was  easily  replaced. 

In  the  power  station  there  were  two  generators  but  only  one 
circuit-breaker,  which  at  the  same  time  kept  the  generators 
in  parallel  and  connected  to  the  line.  With  this  circuit-breaker 
we  have  not  had  the  least  trouble. 

In  the  beginning  there  was  much  trouble  with  the  windings 
of  the  generators.  They  were  often  short-circuited.  At  first 
we  thought  this  was  due  to  some  kind  of  high-potential  stresses, 
and  put  in  protective  devices.  As  these  did  not  seem  to 
work  at  all,  we  studied  the  conditions  more  closely  and  found 
that  the  coils  of  the  windings  were  bent  in  many  places.  We 
therefore  got  the  idea  that  the  short-circuits  were  due  partly 
to  mechanical  stresses.  We  put  in  mechanically  stronger  in- 
sulation in  some  places  where  weak  points  were  found;  since 
then  we  have  had  no  short-circuits  in  the  generators,  although 
there  have  been  several  very  severe  external  short-circuits. 

It  interests  me  to  hear  that  Mr.  Murray  thinks  the  single 
catenary  contact  line  is  just  as  good  or  even  better  than  the 
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double  catenary.  In  Sweden  we  think  that  a  contact  line 
without  any  catenary  is  the  best,  provided  the  mechanical  stress 
in  the  contact  wire  is  kept  constant  at  different  temperatures, 
and  the  bow  pressure  so  adjusted  that  the  resultant  stress  in 
the  contact  wire  (the  sum  of  the  normal  stress  in  the  contact 
wire  and  the  bending  stress  resulting  from  the  bow  pressure) 
never  exceeds  the  elastic  limit.  At  present  it  is  not  so  with 
ordinary  trolley  lines.  In  nearly  all  the  cases  we  have  con- 
sidered, we  have  found  that  the  elastic  limit  is  exceeded;  the 
fact  that  the  trolley  lines  do  not  come  down  more  often,  is  due 
to  the  fact  that  copper  wire  can  stand  bending  above  the  elastic 
limit  to  a  remarkable  degree. 

For  steel  wire  the  elastic  limit  is  sufficiently  high,  and  ac- 
cording to  our  researches  such  a  wire  can  keep  the  internal 
stresses  sufficiently  constant  at  varying  temperature  without 
being  readjusted.  For  this  reason  I  think  it  was  a  good  idea 
to  put  up  a  steel  wire  as  contact  wire  on  the  New  Haven  road, 
but  I  wonder  if  it  can  stand  the  smoke  from  the  locomotives. 
Our  experience  in  this  respect  is  that  steel  wire  cannot  withstand 
smoke.  I  know  of  at  least  one  big  installation  with  steel  caten- 
ary wires,  where  these  have  had  to  be  replaced  by  bronze  wires. 

As  I  have  said,  we  think  we  can  improve  the  present  trolley 
line  construction  without  catenary  very  much  by  using  auto- 
matically operated  tightening  gear.  We  intend  to  make  the 
distance  between  the  suspension-points  25  to  30  metres.  But 
we  do  not  think  that  we  can  operate  locomotives  at  high  speeds 
on  such  a  line  with  only  one  bow.  It  is  our  intention  to  use 
two  bows  placed  6  metres  or  more  apart.  The  bow  has  a  small 
(30  cm.  high)  top  bow  with  little  energy,  supported  by  a  panto- 
graph. The  arrangement  we  intend  to  use  is  an  improved 
form  of  this  bow. 

Mr.  Murray  says  that  the  insulators  for  supporting  the  mes- 
senger cables  had  to  be  doubled  up.  As  far  as  I  can  see  from 
Fig.  13  in  the  paper,  these  double  insulators  are  placed  in  par- 
allel. I  know  of  other  cases  where  insulators  had  to  be  doubled 
up,  but  there  they  were  placed  in  series.  I  know  from  ex- 
perience that  this  does  not  improve  the  conditions  very  much. 
The  arrangement  on  the  New  Haven  road  is,  I  think,  just  the 
thing  to  be  used,  as  that  is  the  only  reliable  way  by  which  a 
bad  insulator  can  be  put  out  of  service  by  itself. 

Mr.  Murray  also  speaks  of  hard  spots  in  the  line,  and  the 
way  to  get  rid  of  such  things.  We  have  had  about  the  same 
experience,  and  therefore  we  will  now  make  the  line  as  movable 
as  possible  in  a  vertical  direction,  but  have  it  anchored  duly  in 
a  horizontal  direction. 

We  don't  intend  to  use  any  deflectors  on  our  lines.  We 
have  made  many  trials  in  order  to  see  how  to  get  rid  of  the 
difficulties  at  the  points  where  the  wires  are  crossing  each  other, 
and  have  found  that  all  these  difficulties  can  be  done  away 
with  by  placing  the  wires  in  the  proper  position  at  the  crossing. 
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As  to  the  telegraph  and  telephone  disturbances,  which  Mr. 
Murray  says  can  be  done  away  with  by  means  of  pilot-wires 
and  series  transformers,  in  the  case  of  the  New  Haven  Railroad 
the  disturbances  seem  to  be  due  chiefly  to  electromagnetic  in- 
fluence and  not  to  the  static  charging  effect  from  which  our  tele- 
graph and  telephone  suffered  so  much.  This  can  also  be  helped, 
but  by  other  means,  mentioned  in  Mr.  Dahlander's  report  on 
the  Swedish  trials. 

C.  E.  Eveleth  (by  letter) :  In  explaining  the  failure  of  the  oil 
circuit-breakers  on  the  New  Haven  feeders,  Mr.  Lamme  says 
that  the  short-circuit  current  of  the  generators  reached  for  a 
few  cycles  a  value  of  fifteen  times  normal,  which  was  far  in 
excess  of  the  amount  anticipated.  Just  why  this  was  not  an- 
ticipated is  rather  difficult  to  understand,  as  machines  giving 
fifteen  times  normal  current,  or  even  twenty  times  normal  cur- 
rent on  short-circuit,  are  not  infrequent;  in  fact,  generators 
that  give  less  than  twelve  times  normal  current  for  the  first 
few  cycles  when  short-circuited  are  rather  the  exception. 

The  oil  switch  has  been  generally  regarded  as  a  simple  piece 
of  electrical  apparatus  that  can  be  built  in  almost  any  form, 
and  still  do  its  work  satisfactorily,  but  experience  shows  that 
for  successful  design  and  application  there  must  be  at  hand 
quantitative  knowledge  of  the  conditions  to  be  met. 

When  associated  with  Mr.  E.  M.  Hewlett  in  the  spring  of 
1902  we  were  impressed  with  the  evidence  of  enormous  current 
rushes  for  the  first  few  cycles  when  generators  were  short- 
circuited,  and  realized  that  these  conditions  should  be  ana- 
lyzed if  we  expected  to  apply  protective  devices  properly. 
Subsequently  we  investigated  the  magnitude  of  these  effects  and 
the  action  of  oil-switches  under  short-circuit  conditions  in  a 
series  of  tests  involving  several  thousand  dead  short-circuits  at 
various  potentials,  from  2200  to  75,000  volts,  with  and  without 
transformers,  transmission  lines,  etc.  With  the  data  so  obtained 
we  were  put  in  position  both  to  design  switches  of  great  energy 
rupturing  capacity  and  to  select  the  size  and  type  suitable  for 
specific  requirements.  In  some  instances  this  results  in  a  rather 
more  expensive  switch  than  would  be  advocated  by  those  who 
have  not  had  such  data  at  hand,  and  it  is  not  surprising  that 
they  continually  run  into  unexpected  difficulties. 

Simultaneously  with  the  oil-switch  tests,  investigations  were 
conducted  concerning  the  requirements  of  reinforcement  of 
the  end-windings  of  generators.  It  may  be  interesting  to  know 
that  in  a  number  of  instances  we  short-circuited  individual  gen- 
erators at  full  excitation  from  one  hundred  to  three  hundred 
times. 

In  1904  it  was  my  privilege  to  build  and  test  an  oil  circuit- 
breaker — ^which,  by  the  way,  did  not  have  a  grounded  can,  and 
contained  less  than  three  gallons  of  oil — ^that  opened  repeatedly 
on  a  single  break  current  of  20,000  to  25,000  amperes  at  2200 
volts.    This  was  equivalent  to  a  rupturing  capacity  with  four 
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breaks  in  series,  such  as  would  ordinarily  be  used  for  a  single- 
phase  circuit  of  over  100,000  kilovolt-amperes.  Under  these 
conditions  the  circuit  was  ruptured  without  throwing  oil  or 
otherwise  damaging  the  switch,  except  for  some  burning  of  the 
contacts.  As  these  tests  preceded  by  a  considerable  time  the 
selection  of  the  New  Haven  oil  circuit-breakers,  and  as  there 
are  many  oil  circuit-breakers  in  service  for  feeders  where  the 
total  generator  capacity  connected  to  the  bus-bar  exceeds 
50,000  kw.  it  is  apparent  that  circuit-breakers  capable  of  handling 
the  New  Haven  conditions  had  been  built  and  might  have  been 
selected.  If  they  had  been  adopted  a  large  proportion  of  the 
serious  delays  would  have  been  obviated. 

The  accompanying  oscillogram  shows  the  action  on  one  of 
the  short-circuit  tests  referred  to.  Attention  should  be  given 
to  the  lower  curve  of  Fig.  1,  which  shows  a  rise  to  more 
than  double  potential  in  the  voltage  of  the  phase  not  short- 
circuited.  As  this  potential  strain  would  be  applied  to  all  of 
the  polyphase  apparatus  on  the  system,  and  furthermore  as 
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there  exist  at  all  times  badly  unbalanced  voltages  whenever 
one  phase  is  loaded  more  than  another,  especially  with  induc- 
tive load,  and  the  voltage  maintained  by  regulator  on  the 
loaded  phase,  there  are  some  manifest  disadvantages  in  trying 
to  operate  single-phase  and  polyphase  apparatus  from  the  same 
generator.  For  this  reason  it  is  my  opinion  that  such  operation 
is  at  a  decided  disadvantage  as  compared  with  straight  single- 
phase  operation  on  an  undertaking  of  the  magnitude  of  the 
New  Haven  system.  I  think  it  would  have  been  better  to 
supply  separate  polyphase  generators  for  operation  of  shops 
and  direct-current  sub-stations. 

W.  S.  Murray:*  In  connection  with  the  discussion  contributed 
by  Mr.  Townley,  it  is  a  pleasure  to  record  the  number  of  in- 
teresting points  that  he  has  brought  out  which  the  paper  did 
not  include.  As  I  have  been  accused  of  being  over-enthusiastic 
about  the  New  Haven  electrification  by  one  author  of  a  dis- 

♦  The  closure  of  the  discussion  was  written  about  four  months  subse- 
quent to  the  date  of  the  paper. 
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cussion,  and  Mr.  Townley  has  seen  fit  to  feel  that  I  am  not  suffi- 
ciently proud  of  it,  between  the  two  I  am  able  to  average  a  happy 
medium.  As  a  matter  of  fact,  my  pride  was  inclusive  of  being 
willing  to  make  a  complete  exposition  of  the  difficulties,  and  in 
reviewing  the  paper,  while  recalling  the  many  successes  that 
could  have  been  mentioned  to  offset  the  temporary  failures,  my 
mind  constantly  dwelt  on  the  belief  that  **  our  friends  '*,  who 
were  so  freely  disporting  themselves  in  the  general  condemna- 
tion of  the  system,  were  entitled  to  the  actual  facts  of  the  situa- 
tion. In  this  '*  deed  of  gift  **  I  constantly  steeled  myself  against 
introducing  any  ameliorating  features  of  success  in  the  system, 
for  fear  some  slight  prejudice  would  come  to  their  minds.  In- 
deed, I  will  never  be  quite  able  to  determine  whether  the  cause 
of  the  sudden  secession  of  this  voluble  condemnation  was  due 
to  their  possession  of  these  facts,  or  the  reliability  of  train  schedule 
on  the  New  Haven  system,  which  arrived  about  the  same  time. 

In  reference  to  the  discussion  of  Mr.  H.  P.  Davis.  I  am  ex- 
ceedingly glad  that  he  has  included  so  much  detail  in  regard  to 
the  general  operation  of  the  distribution  system.  The  fear  of 
giving  the  paper  too  great  length  constantly  suggested  caution 
in  digressing  too  far  from  the  trunk-line  principles  involved,  and 
as  stated  in  the  closing  paragraphs,  it  was  the  author's  hope  that 
the  details  of  construction  and  operation  would  be  brought  out 
by  the  discussion.  Mr.  Davis  has  brought  out  clearly  the  elec- 
trical and  mechanical  operating  characteristics  of  the  distribu- 
tion system,  and  it  may  be  said  that  except  for  the  fact  that  the 
multiple  arrangement  of  overhead  wires  in  the  distributing  sys- 
tem brought  about  such  an  exceedingly  high  conductivity,  the 
circuit-breakers  would  have  functioned  entirely  in  accordance 
with  their  anticipated  plan  of  operation.  The  lowering  of  the 
current  density  on  the  occasion  of  short-circuits  by  the  actuation 
of  the  auxiliary  apparatus  described  by  Mr.  Davis  has  accom- 
plished the  degree  of  selectiveness  which  was  the  first  aim  in  the 
conception  of  the  system. 

In  connection  with  this  type  of  distribution  system,  employing 
a  voltage  of  11,000,  this  is  an  opportune  time  and  pldce  to  point 
to  a  suggestion  that  comes  from  the  mouth  of  experience. 
While  I  do  not  think  it  is  by  any  means  impossible  to  design 
generators  of  the  voltage  and  capacity,  as  installed  in  Cos  Cob 
station,  to  withstand  the  shocks  of  short-circuits  of  the  character 
that  have  been  received  by  that  station,  the  form  of  protective 
apparatus  that  has  been  installed  to  alleviate  the  electrical  and 
mechanical  strains  incident  to  these  short-circuits,  certainly 
suggests  the  wise  expedient  of  designing  a  low-voltage  station 
(say  not  greater  than  2300  volts)  employing  static  transformers 
to  secure  the  higher  transmission  voltages.  It  is  to  be  noted 
in  connection  with  the  softening  effect,  as  a  result  of  the  trans- 
formers being  between  the  generators  and  the  line,  that  the  in- 
creased cost,  due  to  transformer  equipment,  will  be  offset  by  a 
lower  price  per  kw.  of  generators  and  switchboards,  due  to  lower 
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voltage  and,  further,  that  what  loss  may  be  suffered  in  virtue 
of  the  introduction  of  transformers  will  be  greatly  offset  by  the 
higher  efficiency  accruing  from  a  low-voltage,  instead  of  a  high- 
voltage,  generating  system.  I  believe  in  connection  with 
single-phase  electrification,  this  arrangement  in  power  house 
design  should  be  effected. 

Referring  to  Mr.  Torchio's  discussion  and  in  answer  to  his 
three  questions: 

1.  Concerning  the  grounded  circuit-breaker  frame.  If  the 
frames  of  the  circuit-breakers  were  supported  upon  insulators, 
this  would  approximate  the  ordinary  or  ungrounded  system 
conditions;  that  is,  where  no  phases  are  grounded.  But  the 
earth  not  being  an  insulator,  and  as  the  frame  of  the  circuit- 
breaker  rests  on  metal  (anchor)  bridges,  as  explained  in  the 
paper,  this  brings  one  terminal  of  the  generating  system  directly 
to  the  circuit-breaker  frame;  hence,  the  necessity  of  strong 
lining  insulation.  If  the  frames  of  the  circuit-breakers  were 
ungrounded,  this  would  introduce  danger  in  handling  the 
switches;  as  it  is  not  impossible  to  conceive  of  a  connection 
being  made  between  one  of  the  switch  points  within  the  tank, 
and  the  iron  tank  itself,  should  an  attendant  be  standing  on 
the  groimd  and  touch  the  tank,  he  would  be  shocked.  By  the 
present  arrangement  of  grounded  circuit-breaker  tanks  this 
hazard  is  obviated. 

2.  Three-phase  generators  are  used  in  order  that  power  may 
be  supplied  to  the  polyphase  motors  operating  in  our  power 
house  and  in  shops  adjacent  to  the  line.  Polyphase  current  will 
also  be  used  in  operating  direct-current  railway  plants,  whose 
prime  movers,  at  present,  are  steam  engines,  which  will,  later, 
be  replaced  by  polyphase  motors. 

3.  Concerning  the  regulation  of  single-phase  vs.  3-phase 
generators,  it  is  quite  evident  that  the  use  of  single-phase  gen- 
erators would  do  away  with  the  unbalanced  conditions  that 
obtain  in  the  case  of  the  3-phase  generation.  However,  the 
amount  of  unbalancing  is  extremely  small,  due  to  the  copper- 
clad  rotors  on  the  generators,  and,  further,  had  single-phase 
generators  been  used  this  would  not  have  permitted  the  ad- 
vantages of  power  house,  shop  and  railway  plant  drive,  as  de- 
scribed above. 

In  connection  with  the  interesting  discussion  that  Dr.  Stein- 
metz  has  contributed,  it  is  pleasing,  indeed,  to  note  his  predic- 
tion that  when  the  time  arrives  to  electrify  our  transcontinental 
railways,  the  alternating-current  single-phase  motor  will  be 
the  ways  and  means.  His  commentary  on  weight  efficiency 
suggests  a  thought  which  t  would  venture  supplementary  to  his 
reference  to  drawbar  pull  vs.  weight  of  motor.  I  think  it  is 
wise  to  guard  against  the  exclusive  rather  than  the  inclusive 
view.  Given  two  terminals,  say,  12  miles  apart,  between  which 
electrified  tracks  are  to  handle  a  given  traffic,  if  the  fixed  charges 
and  operating  expenses  per  ton  mile  are  the  same  for  either  the 
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alternating  or  direct-current  systems,  it  is  undeniably  true  that 
we  can  not  escape  the  conclusion  that  the  direct-current  type 
of  motor,  on  account  of  its  lesser  weight  per  pound  of  drawi)ar 
pull,  would  be  the  legitimate  and  logical  selection  of  motive  power, 
or  in  other  words,  all  other  considerations  of  the  system  being 
equated,  these  and  only  these  are  the  circumstances  under 
which  the  matter  of  weight  eflSciency  is  a  ruling  factor.  Where 
we  are  considering  50  or  100  miles  of  dense  trunk  line  operation, 
the  weight  efficiency,  though  having  a  bearing,  takes  its  position 
along  with  the  other  considerations,  but  is  assigned  a  proper 
degree,  which  becomes  exceedingly  minor  in  the  consideration 
of  heavy  mileages  and  heavy  power  requirements.  In  charging 
up  the  alternating-current  motor  with  more  weight  per  drawbar 
pull  than  the  direct-current  motor,  the  difference  can  be  repre- 
sented in  dollars  and  cents,  but  we  must  not  end  the  investiga- 
tion where  it  has  just  begun.  The  12-mile  railroad,  above  de- 
scribed, may  have  its  power  station  at  its  center,  and  its  traihc 
sufficiently  light  to  require  no  rotary  sub-stations,  and  possibly 
not  very  much  copper  in  its  distributing  system.  The  situa- 
tion takes  on  an  entirely  different  hue,  however,  in  making  a 
decision  upon  the  50  or  100-mile  heavy  traffic  proposition.  If 
direct-current  propulsion  is  to  be  used,  this  will  require  sub-sta- 
tions and  with  it  many  pounds  of  low-voltage  copper  feeder. 
These  items  of  sub-stations  and  feeder  copper,  like  the  increased 
weight  of  the  alternating-current  motor  over  the  direct-current 
motor,  cost  money  and  must  not  be  forgotten,  and  so  when 
we  formulate  weight  efficiency  equations,  while  we  are  not 
forgetting  to  charge  up  the  cost  of  the  greater  weight  for  the 
alternating-current  motor,  let  us  not  forget  to  charge  up  the 
cost  of  the  copper  and  sub-stations  complementary  to  the 
direct-current  installation.  Outside  of  all  this  comes  the  careful 
consideration  of  the  system's  commercial  efficiency,  better  stated 
as  the  ratio  of  operating  expense  to  gross  income  and,  therefore, 
except  that  weight  efficiency  be  considered  inclusive  and 
charged  with  its  relative  value  of  importance  in  the  system 
as  a  whole,  its  importance  is  only  apparent  and  not  real. 

In  reference  to  Mr.  Minor  M.  Davis's  contribution  concerning 
the  effect  of  single-phase  currents  upon  telegraph  and  telephone 
wires,  I  would  further  supplement  my  remarks  which  I  made  on 
this  subject  on  the  occasion  of  its  reading  before  the  Institute, 
and  say  that  it  was  the  effort  of  the  author  to  touch  as  briefly 
as  possible  upon  the  electrification,  in  its  relations  to  matters 
other  than  traction.  Each  one  of  the  subjects  mentioned  is  one 
upon  which  much  interesting  matter,  in  detail,  could  be  brought 
out,  and  in  this  effort  at  brevity  I  was  conscious  of  the  fact  that 
this  particularly  important  subject  might  have  been  treated  in 
greater  length.  Too  much  credit  cannot  be  given  to  the  com- 
panies adjacent  to  our  property,  who  were  affected  by  our 
lines,  for  their  cooperation  in  which  both  their  efforts  and 
our  own  were  united  to  overcome  the  distiurbance.     As  I  review 
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the  two  paragraphs  upon  this  subject,  I  do  not  see  any  occasion 
to  modify  the  statements  that  have  been  made,  except  to  say 
that  possibly  Mr.  Davis's  position  enables  him  to  better  judge 
of  the  cost  of  the  transforming  equipment  necessary  to  effect 
the  voltage  compensation  described. 

Mr.  Lamme  is  the  father  of  a  practical  single-phase  motor, 
and  has  brought  to  himself  another  responsibility  in  the  nature 
of  the  dampened  field  3-phase  generator,  which  has  been  so  well 
described  in  his  discussion.  However,  as  progenitor  of  these 
two  types  of  apparatus,  only  the  greatest  satisfaction  can  come 
to  him,  in  view  of  the  uniform  good  behavior  of  both,  thus 
making  the  new  responsibilities  at  once  both  heavy  and  light.  I 
am  particularly  indebted  to  him  for  the  generous  detail  in  which 
he  has  described  both  of  these  types  of  apparatus.  Four  months 
have  elapsed  since  his  discussion  was  written,  and  the  short- 
circuit  disturbances  that  occurred  in  the  generators  then  de- 
scribed have  since  disappeared,  and  the  mileages  of  the  motors, 
instead  of  the  figures  as  stated  by  Mr.  Lamme,  have  become  in 
some  instances  as  high  as  70,000  miles,  the  average  mileage  of 
all  motors  being  probably  60,000  miles,  and  this  with  60  per 
cent  of  the  commutators  still  unturned.  As  a  matter  of  fact, 
and  as  Mr.  Behrend  has  pointed  out,  the  operation  on  both 
alternating  and  direct-current  power  is  very  much  alike  as  far 
as  sparking  is  concerned,  and  as  the  number  of  miles  over  which 
a  commutator  operates  before  it  is  necessary  to  place  it  in  the 
lathe  for  turning,  is  dependent  almost  entirely  upon  the  degree  of 
fineness  with  which  it  commutates,  and  as  the  mileage,  as  stated, 
is  comparable  with  the  ordinary  direct-current  practice,  it  is 
fair  to  assume  that  it  is  a  matter  of  indifference  whether  the 
motor  is  commutating  alternating  or  direct  current.  Mr.  Lamme's 
interesting  statements  in  regard  to  the  strains  produced  in  the 
coils  of  the  Cos  Cob  generators  on  the  occasion  of  short-circuits, 
leads  me  again  to  one  of  the  fundamental  reasons  for  the  low- 
voltage  generating  station  with  step-up  transformers.  It 
cannot  be  denied  that  a  short-circuit  on  a  system  of  high  con- 
ductivity produces  an  enormous  rush  of  current.  As  previously 
mentioned,  the  interposition  of  the  transformers  between  the 
line  and  generators  offers  a  cushioning  effect  for  this  blow. 
Added  to  this  valuable  adjunct  of  protection,  is  the  fact  that  in 
the  low-voltage-wound  generators  the  coils  naturally  increase 
in  cross-section  in  proportion  to  the  ratio  of  diminished  voltage ; 
that  is,  for  the  same  output  and  the  same  number  and  length  of 
coils,  a  generator  of  2300  volts  would  be  wound  with  coils  whose 
cross-section  would  be  4.75  times  the  cross-section  of  the  coils 
of  an  11,000-volt  generator.  Thus  the  coil  itself  is  inherently  a 
strong  mechanical  device  for  resisting  these  strains,  and,  further, 
its  tendency  to  puncture  is  greatly  reduced  on  account  of  a  re- 
duction in  potential  between  copper  and  iron  in  the  ratio  of 
4.75  to  1. 

In  connection  with  Mr.  Stillwell's  reference  to  errors  in  gen- 
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erator  and  circuit-breaker  design,  I  think  Mr.  Townley's  state- 
ment that  the  **  .  .  one  radical  thing  that  was  done  wrong 
in  the  New  Haven  electrification,  and  which  was  really  at  the 
bottom  of  a  large  part  of  the  difficulties  that  have  been  en- 
countered is  that  the  electrification  was  not  begun  soon  enough  ", 
is  a  complete  and  decisive  answer  on  this  commentary.  Seldom, 
if  ever,  do  we  see  the  manufacturer  test  at  the  factory,  at  full 
load  and  full  voltage  simultaneously  generators  larger  than  2,000 
kilowatts.  Rather  do  they  elect  to  provide  these  two  con- 
ditions separately,  and  accomplish  virtually  the  same  result, 
using  only  5  per  cent  of  the  power  that  would  be  required  in 
the  former  case.  Similarly  with  the  New  Haven,  it  would  have 
been  quite  impossible  to  have  duplicated  the  operating  con- 
ditions in  the  case  of  the  generators  or  circuit-breakers.  A 
temporary  duplicate  test  system  was  impossible.  The  test 
would  have  been  made  on  the  original  apparatus  had  it  been 
possible,  but  time  was  not  available,  as  has  been  pointed  out  in 
the  paper  under  **  electric  passenger  service  ",  in  which  an 
attempt  was  made  to  describe  the  pressing  force  that  was  con- 
stantly brought  to  bear  on  the  New  Haven  engineers  to  begin 
electric  service. 

It  is  a  pleasure,  however,  to  read  Mr.  Stillwell's  commentary 
that  the  four  month's  record  of  operation,  as  presented  in  the 
paper,  was  not  a  discouraging  one,  in  the  realization  that  the 
average  for  the  train-minute  delays  during  the  last  five  months 
are  13i  per  cent  of  the  average  of  the  four  months  cited  in  the  log. 

In  response  to  Mr.  Behrend's  question  in  regard  to  the  use  of  a 
2-phase  rather  than  a  3-phase  generating  plant,  as  applied  to 
the  New  Haven  conditions,  I  think  this  is  a  point  deserving  of  a 
very  careful  explanation.  Power  house  location  has  much  to 
do  with  the  choice  between  these  two  systems.  In  the  case 
of  a  2-phase  system,  it  is  natural  to  suppose,  in  order  to  secure 
the  highest  copper  efficiency,  that  the  point  of  divergence  of  the 
two  phases  should  take  place  at  the  power  house,  if  the  power 
house  is  on  the  line  of  the  railroad.  Examining  the  location  of 
the  power  house  in  the  case  of  the  New  Haven,  it  is  to  be  noted 
that  about  18  miles  of  track  lie  west  of  the  station,  while  about 
3^  miles  lie  east  of  it.  Thus  it  is  quite  clear  that  had  the  station 
been  designed  for  two  phases,  they  would  have  been  very  much 
unbalanced,  especially  as  the  train  density  is  heavier  per  mile  of 
track  on  the  longer  section,  which,  of  course,  would  be  a  very 
unfortunate  distribution  of  load  in  the  windings  of  the  generator. 

In  the  operation  of  polyphase  motors  for  shops  and  for  street- 
railway-station  drive  along  the  line  of  the  railroad,  it  would  be 
necessary  to  intermingle  the  two  phases  of  the  system  using  the 
track  for  a  common  return  of  the  currents  of  the  two  phases  in 
quadrature.  This  would  not  introduce  any  features  that  are 
distinctly  inferior  to  the  present  arrangement  of  the  three 
phases  throughout  the  length  of  the  system.  The  question  of 
voltage  regulation  for  a  2-phase  distribution,  however,  oflFers  a 
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decidedly  serious  aspect,  as  it  is  quite  clear  that  it  would  be  im- 
possible to  keep  the  voltages  of  both  phases  constant,  unless  the 
load  on  each  was  always  the  same.  In  the  case  of  the  3-phase, 
we  regulate  the  voltage  of  the  propulsion  phase,  and  the  copper- 
clad  rotors  of  the  generators  smooth  out  to  a  great  degree  the 
unbalanced  voltages  on  the  two  other  phases.  I  believe  the 
deciding  points  against  the  2-phase  propulsion  are  the  difficulties 
incident  to  loading  the  phases  equally  and  maintaining  voltage 
regulation. 

The  relative  temperatures  due  to  operation  on  alternating 
and  direct-current,  to  which  Mr.  Behrend  refers,  I  regret 
have  not  been  obtained.  The  conditions  of  operation  on 
the  alternating-current  zone  and  direct-current  zone  are  so  abso- 
lutely different  that  a  comparative  set  of  figures  would  be  im- 
possible, unless  they  were  obtained  under  the  auspices  of  test 
conditions.  Later,  this  information  may  be  obtained  and  will 
be  gladly  offered. 

I  note  by  Mr.  H.  F.  Parshall's  contribution  that  in  1901  he 
was  appointed  by  the  Board  of  Trade  a  member  of  the  tribunal, 
presided  over  by  the  Hon.  Alfred  Littleton,  to  determine  whether 
or  not  such  an  alternating-current  system,  as  proposed  by  Ganz, 
was  suitable  for  the  underground  railways  of  London.  Im- 
mediately follows  his  conclusions  that  the  alternating-current 
system  was  unfit  for  application  upon  the  aforesaid  railways,  even 
though  this  date  was  previous  to  Mr.  Lamme's  paper  on  the 
Washington,  Baltimore  and  Annapolis  single-phase  railway 
read  before  the  American  Institute  of  Electrical  Engineers,  at 
New  York  December  26,  1902,*  which  might  have  been  said  to 
be  the  entering  wedge  of  the  single-phase  motor  in  its  applica- 
tion to  the  propulsion  of  trains.  Engineers  of  this  country  would 
surely  look  for  a  few  grey  hairs  on  motors  of  any  design  existing 
over  a  period  of  eight  years,  and  so  I  do  not  wish  to  be  counted 
out  in  the  first  ranks  to  congratulate  Mr.  Parshall  in  this  eminent 
decision,  which  sounded  the  death-knell  to  the  alternating- 
current  motor  for  the  subways  of  New  York  and  the  underground 
railways  of  the  City  of  London.  The  London  and  New  York 
subways  offer  about  as  much  comparison  to  the  New  York, 
New  Haven  and  Hartford  Railroad  Company's  conditions  as  a 
steamboat  does  to  a  flying  machine,  and  so  I  must  leave  this 
subject  abruptly,  and  pass  to  a  few  concrete  statements,  which 
Mr.  Parshall  has  made,  and  which  seem  to  have  been  arrived  at 
by  projected  hypothetical  curves.  A  few  brief  counter  state- 
ments may  save  time.  The  perfected  alternating-current  motor 
does  not  weigh  40  per  cent  more  than  a  direct-current  motor 
of  the  same  capacity.  If  the  air-gap  of  the  alternating-current 
motor  is  of  a  character  which  permits  the  revolution  of 
the  armature  in  its  bearings,  and  requires  no  greater  maintenance 
than  the  direct-current  motor,  it  does  not  matter  how  much 
smaller  it  is  than  the  direct-current  motor  air-gap.      Higher 

♦  Transactions,  vol.  xx,  p.  16, 


Digitized  by  VjOOQIC 


1714  THE  NEW  HAVEN  ELECTRIFICATION  [Dec.  11 

armature  speeds  are  a  specific  advantage  rather  than  disad- 
vantage, in  view  of  this  characteristic  having  excellent  applica- 
tion to  the  direct-connected  type  of  locomotive.  Our  ex- 
perience, though  possibly  not  as  great  as  Mr.  Parshall's,  does 
not  prove  that  the  cost  of  the  high-tension  overhead  system 
properly  installed  is  greatly  in  excess  of  a  third-rail  system. 
It  is  possible  that  the  overhead  wires  and  bridges  necessary  to 
carry  them  may  cost  more  than  the  third  rail,  though  even  these 
may  be  equated.  I  can  even  conceive  of  the  overhead  contact 
construction  on  an  alternating-current  system  being  more  ex^ 
pensive,  per  se,  in  first  cost,  and  yet  more  economical  in  use,  thus 
again  we  have  this  unfortunate  feature  presented  of  only  looking 
at  a  part  of  a  system  instead  of  its  whole. 

The  alternating-current  commutator  is  in  itself  heavier  than 
the  direct  current,  but  practice  and  experience  in  this  case  has 
not  substantiated  Mr.  Parshall's  theory  that  the  maintenance 

** is  nearly  double  that  of  a  direct-current  equipment  of 

like  capacity  ".  A  few  facts  scattered  in  this  nest  of  hypothetical 
reasoning  may  be  useful,  one  among  the  number  being  that  our 
present  operating  sheets  show  that  our  operating  costs,  per  se, 
on  the  direct-current  zone  are  just  40  per  cent  greater  than  that 
of  the  alternating  current.  At  the  time  of  presenting  the  paper 
on  the  **  Log  of  the  New  Haven  Electrification  **  it  had  been  in 
commercial  operation  just  four  months,  and  I  cannot  refrain 
from  quoting  the  last  few  lines  of  Mr.  Parshall's  discussion: 
**  Concerning  all  that  has  gone  on  in  the  New  Haven  system  up 
to  September  5,  1908,  which  appears  to  be  the  termination  of 
Mr.  Murray's  log,  there  is  absolutely  nothing  to  indicate  that 
during  1909  some  such  series  of  occurrences  are  not  again  to  be 
expected.  All  that  has  occurred  may  be  expected  to  occur 
again  in  some  form  or  another,  since  electric  traction  apparatus 
does  not  manifest  all  its  faults  during  the  first  few  months  of 
operation  ".  Is  not  the  first  commentary  upon  this  closing,  en- 
couraging eulogy  a  disappointment,  that  one  is  willing  to  make 
up  his  mind  to  condemn  a  system  four  months  after  its  birth? 
Is  this  not  a  brief  period  during  .which  to  compose  its  obituary? 
Secondly,  I  can  only  say  that  **  All  that  has  occurred  "  has  not 
**  occurred  again  **,  and  whether  it  will  in  **  some  form  or  an- 
other "  is  so  closely  related  to  indefiniteness  that  analysis  itself 
is  duped,  and  prophesy  becomes  a  helpless  paralytic. 

Mr.  Armstrong  opens  his  discussion  with  the  following  startling 
sentence,  which  contradicts  everything  that  follows.  "  The 
enthusiastic  cooperation  of  the  engineers  of  the  railroad  com- 
pany and  the  manufacturing  company  has  brought  this  alter- 
nating-current operation  to  its  present  success  and  nothing  but 
admiration  can  be  expressed  for  the  courage  and  ingenuity 
shown  in  overcoming  the  difficulties  met  with  in  operation  ". 

In  thanking  Mr.  Armstrong  for  thus  felicitating  us,  I  am  sure  I 
will  be  pardoned  for  the  number  of  exceptions  that  I  must 
take  to  his  subsequent  remarks,  in  view  of  their  almost  complete 
inconsistency  with  the  facts. 
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1.  The  New  Haven  specifications,  as  doubtless  looked  over 
by  Mr.  Armstrong,  were  drafted  to  make  them  inclusive  of  the 
operation  of  electric  locomotives  from  New  York  to  New  Haven. 
The  installation,  therefore,  of  the  alternating-current  system 
of  propulsion  was  not  to  demonstrate  the  suitability  of  that 
system  to  possible  future  extension  of  the  road.  It  so  happens 
that  it  has  accomplished  this  purpose,  but  this  is  oflf  the  point, 
and  the  interesting  feature  of  Mr.  Armstrong's  statement  in  the 
second  paragraph  of  his  discussion,  is  his  full  commitment  to 
the  600-volt,  or  the  1200-volt,  direct-current  system,  as  the 
system  applicable  to  the  New  Haven  conditions,  inclusive  of  the 
zone  above  described. 

It  is  interesting  to  note  the  seeming  pleasure  in  which  Mr. 
Armstrong  points  to  the  **  material  changes  *'  that  were  made 
to  the  locomotives  and  the  generating  and  distributing  systems. 
Following  upon  this  is  his  statement  of  Mr.  Wilgus's  report  of 
the  cost  at  $55,000  a  mile  of  our  overhead  construction.  Why 
bring  in  Mr.  Wilgus .?  Mr.  Wilgus  had  nothing  to  do  with  either 
the  estimates  or  the  checking  of  them  in  actual  practice.  It  is 
difficult  to  conjecture  how  he  even  arrives  at  these  figures.  Also 
how  is  this  relevant  to  the  paper  ?     It  does  not  discuss  costs. 

2.  This  inconsistency  comes  to  mind  in  viewing  Mr.  Arm- 
strong's guesses  on  the  weights  of  the  locomotives.  These  are 
completely  without  foundation. 

3.  Mr.  Armstrong  refers  to  published  figures  on  the  trolley 
construction,  which  as  a  matter  of  fact  have  never  been  pub- 
lished, not  to  mention  inconsistency  No.  4,  in  which  we  find  Mr. 
Armstrong  increasing  the  weight  of  the  locomotives  50  per  cent, 
for  which  he  has  absolutely  no  basis,  and  in  which  statement  he 
is  again  absolutely  wrong.  Mr.  Armstrong  advises  that  the 
present  weight  of  our  locomotive  approaches  fairly  close  to  the 
weight  of  the  locomotive  which  he  estimated  would  be  re- 
quired to  perform  the  service  originally  specified.  Doubtless 
Mr.  Armstrong's  experience  in  the  design  of  alternating-current 
locomotives  would  have  permitted  us  to  make  a  closer  approxi- 
mation. It  has  never  been  my  pleasure  to  have  seen  an  alter- 
nating-current locomotive  of  Mr.  Armstrong's  design,  though 
this  does  not  preclude  the  possibility  of  one  being  on  the  rails. 
The  only  sure  conviction  I  have,  however,  is  that  neither  he  nor 
his  associates  offered  to  design  one  which,  with  an  amount  of 
capacity  equal  to  that  of  New  Haven  locomotive,  was  lighter. 

I  confess  to  a  slight  agreement  with  Mr.  Armstrong's  state- 
ment that  the  object  of  the  New  Haven  electrification  was  of 
a  far-reaching  character — at  least,  far  enough  to  reach  to  New 
Haven.  How  Mr.  Armstrong  can  commit  himself  to  such  a 
statement  that  the  New  Haven  trolley  construction  costs  80 
per  cent  more  than  the  600-volt  third  rail,  and  that  the  locomo- 
tive costs  double  the  ampunt  of  a  locomotive  sold  another  com- 
pany, without  even  a  film  of  foundation  for  his  statements,  is 
really  remarkable.     To  deny  them  flatly  is,  I  judge,  sufficient. 
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Such  remarks  draw  one  almost  to  the  necessity  of  discussing 
comparative  figures  of  the  one  system  with  the  other,  as  it  is  not 
to  be  denied  either  within  or  without  the  ranks  of  the  two  com- 
panies interested,  that  the  New  Haven  road  knows  the  invest- 
ment costs  and  operating  expenses  of  both  systems.  Some 
day  the  dictates  of  progress  may  demand  an  exposition  of  these 
facts,  but  they  can  not  be  drawn  out  by  baseless  innuendoes  of 
the  character  above  cited. 

Mr.  Armstrong's  tables  in  reference  to  weights  and  horse  powers 
of  the  New  York  Central  and  New  Haven  locomotives  are  wrong, 
in  respect  to  the  data  he  assigns  to  the  New  Haven  columns. 
Again  we  have  the  brilHant  reference  to  the  1-hour  performance  of 
the  locomotives,  completely  ignoring  the  continuous  capacity  for 
which  the  New  Haven  locomotives  were  designed.  This  is  not 
better  exemplified  than  in  the  table  that  follows,  showing  the 
list  of  train  weights  above  400  tons  which  the  New  York  Central 
locomotive  has  handled.  The  table  would  have  been  more 
useful  to  an  engineer  had  an  asterisk  been  attached  with  the  no- 
tation that  none  of  these  trains  were  hauled  to  a  distance  greater 
than  12  miles. 

To  Mr.  Armstrong's  generous  offer  that  I  correct  any  error 
concerning  the  New  York  Central  company's  train-minute 
delays  in  view  of  my  access  to  their  official  records,  in  the  table 
which  appears  on  the  closing  page  of  his  discussion  concerning 
the  train-minute  delays  on  the  two  systems  for  the  months 
of  July,  August,  September  and  October,  1908,  I  would 
say  that  were  an  error  discernible,  I  would  trust  that  it 
would  prove  the  train-minute  delays  less  than  the  number 
he  has  cited.  I  will  refrain  even  from  checking  Mr.  Arm- 
strong's statement  of  train-minute  delays  he  charges  for  the 
New  Haven  system  over  the  same  interval.  My  acquaintance 
with  the  officials  of  the  New  York  Central  company  leads  me  to 
believe  that  they  regret  this  form  of  argument  which  Mr.  Arm- 
strong advances,  knowing  that  their  system,  incorporating  the 
principles  of  20  years'  experience,  and  in  operation  one  year 
previous  to  that  of  our  own,  should  be  compared  with  the  first 
four  months  of  a  system  whose  lines  were  so  radically  different 
from  their  own,  and  whose  principles  were  of  such  an  entirely 
different  character.  It  is  interesting  to  note,  however,  that  the 
average  for  the  train-minute  delays  during  the  past  five  months 
following  the  four  months  cited  in  the  paper  are  ISJ  per  cent  of 
the  average  during  the  period  of  operation  the  paper  includes. 

Since  Mr.  Armstrong's  desire  to  compare  operating  statistics 
has  crystallized  into  the  train-minute  delay  table  which  he  has 
published,  doubtless  a  reply  more  to  the  point  of  his  argument 
would  be  the  statement  of  the  fact  that  notwithstanding  the 
main  line  New  Haven  electrification  is  inclusive  of  both  alter- 
nating- and  direct-current  operation,  with  an  average  of  135 
trains  a  day,  the  actual  number  of  train-minute  delays  during  the 
whole  period  of  operation  since  100  per  cent  service  has  been 
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under  electrical  control,  has  not  been  equal  to  the  train-minute 
delays  that  are  charged  up  against  the  two  straight  alternating- 
current  cars  operating  upon  the  New  Canaan  branch  during  two  of 
the  four  months  cited  in  the  paper.  I  feel  justified  in  making 
reference  to  this  fact,  in  order  to  substantiate  Mr.  Armstrong's 
opposition  to  the  single-phase  situation,  for  on  this  branch  the 
equipments  are  of  a  design  better  known  to  himself,  but  I  am 
happy  to  be  able  to  record  the  fact  that  our  position  is  fortunate 
in  that  should  the  New  Canaan  situation  fall  a  victim  to  a  policy 
which  I  understand  is  being  advocated,  we  will  not  have  to  go 
back  to  the  direct-current  form  of  propulsion. 

While  the  intent  of  the  paper  did  not  include  a  desire  to  com- 
pare the  electrification  of  the  New  Haven  with  that  of  the  New 
York  Central,  it  seems  that  this  phase  of  the  situation  developed 
in  the  discussion,  and  Mr.  Storer  has  offered  some  very  pertinent 
and  interesting  inquiries,  the  answers  to  which  doubtless  will 
come  later.  The  most  interesting  part  of  his  discussion  to  me  is 
the  emphasis  he  lays  on  the  necessity  of  making  system  com- 
parisons rather  than  the  comparison  of  the  individual  parts  of 
systems  to  each  other. 

It  is  very  interesting  to  note  Mr.  Lyford*s  statistics  in  regard 
to  wear  on  the  contact  wire  and  to  note  his  prediction  of  a  life  of 
between  20  and  30  years.  This  corroborates  micrometer  mea- 
surements made  on  the  steel  wire  during  the  past  nine  months  of 
operation. 

I  have  been  very  much  interested  in  Mr.  W.  N.  Smith's 
analysis  of  the  situation,  and  I  think  he  has  placed  his  finger 
upon  the  keystone  of  the  arch  of  successful  alternating-current 
operation  when  it  rests  upon  the  overhead  line.  As  stated  in 
the  paper,  the  three  great  links  in  the  chain  of  electric  propul- 
sion are  the  power  house,  line  and  locomotives.  As  Mr.  Smith 
has  pointed  out,  power  houses  and  locomotives  may  be  relayed, 
but  the  line  must  stand  alone,  at  least  over  a  specified  single 
piece  of  track.  His  analysis  is  to  the  point  when  he  shows  that 
the  train-minute  delays  were  the  greatest  in  duration  when 
occurring  by  reason  of  line  failures.  It  was  with  this  point  in 
view  that  the  author  of  the  paper  made  the  statement  that, 
**  In  the  month  of  May,  1908,  it  became  evident  to  us  that 
within  at  least  one  month  from  that  date,  if  some  change  was 
not  effected  in  the  contact  wire,  the  New  Haven  electric  servi  e 
would  cease."  But  by  far  the  most  pleasing  feature  of  Mr. 
Smith's  contribution  is  that  with  finger  pointing  to  the  single 
link  that  had  to  be  intact  to  ensure  electric  service,  and  while 
assigning  it  to  its  great  degree  of  importance,  his  mind  dwelt  at 
the  same  time  upon  what  the  whole  system  stood  for  as  a  means 
to  an  end,  and  which  must  have  been  inclusive  of  safety,  relia- 
bility of  service  and  economy  of  operation. 

Mr.  Phillip  Dawson's  contribution  to  the  discussion,  in  the 
form  of  the  description  of  the  London,  Brighton  and  South 
Coast  Railway  Company,  which  uses  the  overhead  single-phase 
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system,  is  of  much  interest.  It  is  to  be  noted  that  on  this  con- 
struction the  spans  are  very  much  less  than  in  the  New  Haven. 
To  me  the  most  interesting  piece  of  metal  in  the  overhead  system 
is  the  contact  wire,  and  I  note  that  on  the  London,  Brighton  and 
South  Coast  Railway,  the  trolley  wire  is  drawn  up  and  anchored 
at  both  ends.  It  is  quite  possible  that  the  clips  Mr.  Dawson  has 
described  as  supporting  the  contact  wire  will  be  sufficiently 
light  to  prevent  kinking  at  the  hanger  points.  This  arrange- 
ment will  be  greatly  fortified  if,  as  Mr.  Dawson  states,  speeds  of 
45  miles  an  hour  will  not  be  exceeded.  The  double  messenger 
triangular  form  of  hanger  oflFering  a  more  rigid  form  of  con- 
struction, and  a  greater  degree  of  inertia  at  the  hanger  points, 
shortly  proved  itself  tmdesirable  for  the  speed  conditions  that 
exist  upon  our  lines,  and  I  feel  quite  sure  that  even  in  the  form 
of  single  catenary  suspension,  our  conditions  would  not  permit 
the  form  of  construction  as  adopted  and  described  by  Mr.  Daw- 
son. In  short,  our  experience  with  the  overhead  construction 
leads  me  into  the  following  brief  specification  for  an  overhead 
contact  wire. 

1.  One  single  steel  stranded  messenger  cable  with  deflection 
corresponding  to  economical  values  fixing  distance  of  span. 

2.  One  horizontal  solid  copper  conductor  supported  from 
steel  messenger  at  intervals  of  10  ft.  with  light  tension  on  same. 

3.  One  horizontal  solid  grooved  steel  (contact)  wire  supported 
by  light  clips  (weight  not  greater  than  9  ounces)  from  the  solid 
copper  wire  at  mid-points  between  messenger  hangers.  The 
tension  in  this  wire  not  to  exceed  the  elastic  limit  of  the  steel  at 
lowest  temperature. 

This  auxiliary  or  contact  wire  as  described  under  (3),  it  seems 
to  me  has  as  much  right  for  existence  as  the  floor  of  a  highway 
bridge.  To  make  contact  on  the  copper  wire  would  be  the 
same  as  running  on  the  members  of  a  bridge,  which,  while  con- 
sistent with  the  past  practice  of  the  electrical  engineer  does 
not  match  up  with  the  precedent  established  long  before  the 
electrical  engineer  had  to  design  his  bridges  for  electrical  traffic. 
The  steel  wire  offers  a  cheaper  and  more  easily  replaced  floor, 
and  the  conductor  system  always  remains  intact  with  un- 
diminished efficiency. 

The  double-bow  pantagraph  collector  with  renewable  con- 
tact strips  has  been  tried  out  on  the  New  Haven  system.  We 
did  not  get  a  very  great  deal  of  encouragement  out  of  this  form 
of  collector;  however,  with  the  varying  heights  which  high- 
way bridges  have  dictated  the  contact  wire  to  be,  and  with  a 
continual  deposit  of  steam  locomotive  discharges  upon  it,  not 
to  speak  of  the  very  high-speed  conditions  our  collectors  are  sub- 
jected to,  these  may  possibly  have  qualified  the  success  which  I 
only  trust  will  accrue  in  their  use  on  Mr.  Dawson's  road. 

In  answer  to  Mr.  Ivan  Ofverholm's  inquiry  in  regard  to  the 
effect  of  smoke  of  the  locomotives  on  the  steel  contact  wire,  I 
would  say  that  our  experience  in  connection  with  this  deteriora- 
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ting  influence  that  the  electrification  has  to  contend  with  at 
present,  is  not  so  great  as  I  had  anticipated.  A  careful  ob- 
servation on  the  steel  wire  during  the  past  nine  months  does  not 
indicate  that  the  blast  from  the  locomotives  has  had  much, 
if  any,  effect. 

In  connection  with  Mr.  Ofverholm's  statement  concerning 
the  doubling  up  of  our  messenger  cable  insulators,  I  see  that  he 
has  referred  to  Fig.  13  descriptive  of  the  yard  construction.  He 
is  quite  right  that  the  insulators  in  this  case  were  placed  in 
parallel.  On  this  occasion,  however,  this  arrangement  was 
made  in  order  to  resist  mechanical  rather  than  electrical  strains. 
The  strain  in  the  cross  catenary,  which  supports  trolleys  over  10 
tracks,  is  14,000  pounds.  To-day  porcelain  insulators  capable 
of  resisting  a  mechanical  strain  of  40,000  lb.  and  40,000  volts 
are  at  hand,  but  it  was  decided  that  single  insulators  of  the 
character  shown  in  the  picture,  which  were  the  only  ones  then 
available,  would  not  be  sufficient,  with  proper  margin  of  safety, 
to  withstand  this  strain,  and  a  special  yoke  was  constructed  upon 
which  were  installed  the  two  insulators,  to  which  Mr.  Ofverholm 
has  referred.  A  reference  to  Fig.  8,  though  not  as  clear  as  if  the 
picture  had  been  taken  closer  to  the  insulator,  shows  two  insu- 
lators of  the  same  type  in  series,  this  being  the  arrangement 
throughout  the  system  over  the  main  line  tracks  where  they  are 
subject  to  the  blast  of  the  steam  locomotives. 

Concerning  Mr.  Eveleth's  suggestion  that  had  we  adopted  the 
circuit-breakers  of  his  design  a  large  portion  of  the  serious  delays 
would  have  been  obviated:  even  granting  that  his  circuit- 
breaker  would  have  operated  in  the  exemplary  manner  de- 
scribed, I  feel  sure  that  the  oversight  in  not  having  adopted  it 
will  be  excused  in  our  having  considered  it  a  part  of  the  detail  to 
be  supplied  by  a  company  which  believed  first  in  the  system, 
before  they  believed  in  the  circuit-breaker.  We  may  yet  have 
an  opportunity  to  use  some  of  Mr.  Eveleth's  circuit-breakers 
though  I  doubt  if  the  results  can  at  present  be  bettered. 
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METHODS  FOR  LOCATING  TRANSPOSITIONS  OF  WIRES 

AND  SPLIT  PAIRS  IN  TELEPHONE  AND 

TELEGRAPH  CABLES 


BY    HENRY    W.    FISHER 


Some  of  the  telegraph  companies  demand  that  there  shall  be 
no  transpositions  of  wires  in  any  of  the  layers  in  a  telegraph 
cable.  By  this  is  meant  that  the  wires  of  every  layer  must  have 
the  same  relative  order  at  each  end  of  the  cable.  There  is  usually 
a  tracer,  or  wire  covered  with  different  colored  paper  from  the 
rest  in  every  layer,  and  by  counting  from  this  tracer  any  par- 
ticular wire  can  be  located  at  any  point  in  the  cable.  If  a  wire 
is  fifth  from  the  tracer  in  a  clockwise  direction  at  one  end  of  the 
cable,  it  will  be  fifth  from  the  tracer  in  a  cotmter  clockwise 
direction  at  the  other  end  of  the  cable.  By  this  general  plan  it 
becomes  possible  to  identify  wires  without  resorting  to  some 
of  the  common  methods  of  testing.  However,  in  order  to  be 
able  to  place  implicit  reliance  in  a  scheme  of  identification  of 
this  sort,  not  only  must  the  cables  be  manufactured  correctly 
but  the  jointing  must  be  made  by  skilled  men  who  are  careful 
to  connect  the  wires  of  each  layer  in  consecutive  order,  and  as 
an  extra  precaution  make  repeated  tests  at  both  ends  of  the 
jointed  sections  as  the  work  of  splicing  progresses.  Even  after 
exercising  the  greatest  care,  a  transposition  may  occur.  The 
object  of  the  present  article  is  to  show  how  a  fault  of  this  kind 
can  readily  be  located  by  some  methods  devised  by  the  author. 

To  do  this,  a  ballistic  galvanometer,  battery,  condenser,  and 
discharge  key  can  be  employed,  but  the  writer  prefers  to  use 
an  alternating  current  or  continually  reversed  direct  current, 
a  wheatstone  bridge  or  its  equivalent,  a  condenser,  and,  as  a 
current  detector,  a  telephone,  or,  still  better,  a  vibration  galvan- 
ometer. 
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Instruments  are  now  made  which  are  suitable  for  this  work, 
provided  that  the  length  of  cable  is  great  enough  to  obtain 
sufficiently  discriminating  values  between  the  various  tests 
made. 

As  the  methods  employed  deal  entirely  with  measurements 
of  electrostatic  capacity,  which  are  ably  described  in  many 
text  and  hand-books,  the  writer  will  here  only  briefly  show  by 
diagram  and  description,  the  arrangement  of  sensitive  apparatus 
which  was  employed  to  verify  the  accuracy  of  the  methods 
used. 

Fig.  1  gives  in  diagrammatic  form  the  connections  and  appar- 
atus employed.   R,  R '  and  7?"  are  non-inductive  resistances  wound 


Fig.  1 


also  so  as  to  have  a  minimum  capacity.  G  is  the  vibration 
galvanometer,  C  a  standard  condenser,  and  A  C  the  alternating- 
current  source  which,  by  means  of  an  electrically  driven  tuning- 
fork  arrangement,  was  kept  at  a  frequency  that  gave  maximum 
vibration  to  the  galvanometer  needle.  The  resistance  R"  is 
needed  to  obtain  the  condition  of  balance  or  zero  vibration  of 
the  galvanometer. 

The  plan  of  operation  was  to  keep  R'  constant  and  vary  R 
and  R'^  until  the  galvanometer  ceased  to  vibrate.  R^  does  not 
enter  into  the  calculation  of  capacity  which  is  represented  by  the 

formula     j^,     C.     Therefore,  as  R'  and  C  were  constant,  the 

relative  capacities  are  proportioned  to  R,  and  as  we  deal  here 


Digitized  by  VjOOQIC 


1907] 


FISHER:  TRANSPOSITIOX  OF  WIRES 


1723 


entirely  with  relative  values,  the  figures  given  for  the  different 
tests  are  the  R  resistances  required  to  give  zero  vibration  to  the 
galvanometer. 

Telegraph  cables.  Before  proceeding  to  the  derivation  of 
formulas,  it  is  important  to  remember  that  the  theory  of  relative 
capacities  with  different  connections  in  bunched  or  paired  tele- 
graph or  telephone  cables  is  extremely  complex.  The  formulas 
here  given  are  not  absolutely  correct,  on  account  of  certain  very 
small  capacity  effects  that  are  ignored  for  the  sake  of  sim- 

E    D    C    A    B    C'  J>^  £^ 


X 


Fig.  2 

plicity.  They  are  probably  close  enough,  however,  because  it 
is  impossible  to  make  cables  of  this  sort,  and  not  have  in  the 
capacities  of  different  wires,  variations  of  as  much  as  five  or  ten 
per  cent.,  which  would  be  sufficient  to  cause  great  discrepancies, 
even  if  theoretically  correct  formulas  were  employed. 

We  shall  first  consider  the  simplest  case;  namely,  that  where 
adjacent  wires  in  a  telegraph  cable  are  transposed,  and  after  that 
we  shall  give  general  directions  which  are  applicable  to  almost 
any  condition  of  single  transposition. 

Fig.  2  represents  a  number  of  wires  in  a  layer  of  cable.     A 
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and  B  are  the  two  wires  which  are  transposed  at  a  distance  of  X 
feet  from  the  end  where  the  test  is  applied  and  Y  feet  from  the 
other  end  of  the  cable.  In  representing  a  test  between  two 
wires  the  letters  designating  each  will  be  coupled  together  thus: 
The  capacity  between  A  and  B  will  be  spoken  of  as  capacity  A  B. 

The  general  plan  of  procedure  is  to  determine  the  capacity 
between  adjacent  wires  and  also  the  capacity  between  wires  C 
and  £,  the  latter  being  selected  so  that  the  number  of  ^dres 
between  C  and  E  is  equal  to  the  number  between  C  and  B 
or  between  C  and  A. 

If  the  capacities  between  C  and  A,  and  between  C  and  B,  arc 
then  measured  we  can  derive  a  formula  which  will  give  the: 
approximate  distance  to  the  fault.  In  order  to  get  good  average 
results,  it  is  advisable  to  make  a  number  of  measurements  cf 
similarly  placed  wires  as  is  shown  below.  The  first  thing  to 
do  is  to  determine  the  relative  capacity  values  of  the  followinr 
combinations  of  wires— >l  S.  C  E,  C  E\  C  A,  C  B,  C  B,  C  A. 

(1) 

(2) 


(3) 
(4) 


Let  capacity 

AB               =a 

u                  u 

CE+C'E'       , 
2           " 

({                     u 

CA  +C'B 

2 

u                 u 

CB+C'A 

2 

Lot  L  =  the  total  Icnrjth  of  the  cable. 


The  capacity  per  foot  of  (1)  =  y-  (5) 


"     "     "    (2)  ==  j^  (6) 


From  which  we  get, 


Zy+T^-d  (8) 

Solving  equations  (7)  and  (8)  for  x  we  have, 

X  =  the  distance  to  the  fault  =  -. — rr-7 n  X  L        (9) 

(a— 0)  (a-i-O) 
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Now  SLS  x-^-y  =  L,  wc  can  substitute  y  =  L—x  in  equations 
(7)  and  (8)  and  get  the  following  results, — 

X  = r  X  L  (10)     from  equation  (7) 

a—o 

X  =   '"Zjr  ^  ^  ^^^^     from  equation  (8) 

Equation  (9)  is  the  proper  one  to  use  because  equations  (10) 
and  (11)  do  not  generally  give  concordant  distances,  although 
their  average  is  usually  near  the  distance  obtained  by  equation 

(0). 

To  give  the  above  formulas  a  practical  test,  two  wires  were 
transposed  at  130  ft.  from  the  end  of  a  cable  measuring  280  ft. 
and  the  following  values  were  obtained. 

Transposition  No.  1. 
a  =  167 

b  =  l^^tii^  =  132.75 

148+145.5       ,.,.  ,^ 
c  " =  146.75 

Substituting  these  valuer  in  equation  (9)  we  get, 

X  =  128.9  ft.,  or  about  1  foot  from  the  transposition. 

Substituting  in  equations  (10)  and  (11),  the  values  of  ^are 
113.6  ft.  and  146.1  ft.,  or  an  average  distance  of  120.8  ft. 

Transposition  No.  2. 
a  -  161.5 

h  =  i-^I±iH=  128.5 
rf=^-i2:^±ii^=  141.5 
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Substituting  these  values  in  equation  (9)  we  get, 
X  =  129.6  ft.,  or  about  0.5  ft.  from  the  transposition. 

Substituting  in  equations  (10)  and  (11)  the  values  of  x  are 
96.9  ft.  and  168.4  ft.,  or  an  average  distance  of  132.6  ft. 

As  mentioned  before,  it  will  be  noted  here  that  the  values 
found  by  equations  (10)  and  (11)  differ  widely.  This  may  be 
partly  due  to  inequalities  in  manufacture,  but  is  more  likely 
caused  by  the  formulas  being  only  approximate.  The  average 
value  of  (a)  as  measured  should  be  slightly  too  high,  and  this 
would  make  the  results  by  formula  (11)  too  great.     In  formulas 


E    H     DC. 

A  FG     (ffBC'lf    s 
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Pig.  3 

(10)  and  (11)  nearly  equal  terms  are  subtracted  and  this  is 
always  a  source  of  error.  This  kind  of  test  is  necessarily  of 
such  nature  that  even  slight  irregularities  in  manufacture  may 
cause  great  differences  in  the  calculated  distances.  It  is  for  this 
reason  that  so  many  measurements  have  to  be  taken,  for  we  are 
enabled  thereby  to  obtain  average  results. 

We  will  next  consider  the  case  where  there  are  several  wires 
between  the  transposed  wires,  which,  as  before,  should  be 
marked  A  and  B.  The  wire  adjacent  to  B  should  be  marked  C 
and  that  next  to  A  should  be  marked  C,  as  indicated  in  Fig.  3. 
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Then  select  and  mark  a  wire  E  such  that  the  number  of  wires 
between  C  and  B  is  equal  to  that  between  C  and  E,  Also  select 
and  mark  a  wire  E'  such  that  the  ntunber  of  wires  between  C 
and  A  is  equal  to  that  between  C  and  E\ 

The  tests  can  now  be  made  exactly  as  described  above,  with 
the  exception  that  for  capacity  A  B  =  a^  the  capacity  between 
several  pairs  of  adjacent  wires  near  but  not  including  A  or  B 
should  be  determined,  and  the  average  of  these  taken  as  (a)  in 
formula  (9).  The  wires  generally  measured  are  CD,  FG, 
F'G\  C'D\  After  the  values  of  (6),  (c),  and  {d)  are  found, 
the  distance  to  the  fault  can  be  calculated  by  equation  (9),  and, 
if  desired  for  the  sake  of  comparison,  by  equations  (10)  and  (ID. 

A  separate  set  of  values  for  6,  c,  and  d  can  be  found  by  selecting 
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the  wire  //,  so  that  the  number  of  wires  between  F  and  H  equals 
the  number  between  F  and  B\  also  the  wire  H\  so  that  the  num- 
ber of  wires  between  F'  and  H'  equals  the  number  between 
F'  and  A, 
Then 


b  - 


FH^F'H'        FA'-^F'B 


2 


c  =  - 


aml  d  = 


FB  +  F'A 
2 


With  these  and  the  previously  determined  value  of  (a)  a  check 
value  of  X  can  be  found  by  equation  (9) . 

Fig.  4  illustrates  the  case  of  a  single  displaced  wire  A.  Here 
the  number  of  wires  between  C  and  E  and  between  C  and  E' 
equals  the  number  between  C  and  a.  Also  the  number  of  wires 
between  F  and  H  and  between  F'  and  H'  equals  the  numbe;' 
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between  /  and  a.  Having  tagged  the  wires  as  just  descxibdd,  and 
as  illustrated  in  Fig.  4,  the  same  connectioas  and  tests  as  men- 
tioned above  can  be  made  except  those  involving  the  wire  B 
which  does  not  exist  here.  Therefore  only  one-half  the  number 
of  tests  can  be  made  to  getc  and  d,  and  hence  an  accurate  loca- 
tion of  the  fault  cannot  be  expected. 

Tables  1  and  2  give  the  results  of  tests  on  telegraph  cables. 

Fault  1  had  3  wires  between  A  and  B. 


2 
3 
4 


Fault  5  was  a  single  displaced  wire  as  illustrated  in  Fig.  4 
and  there  were  4  wires  between  a  and  c.  All  the  figures  obtained 
are  given  in  the  tables,  so  that  persons  interested  in  this  subject 


TABLE  II 

No.  of 

Length 
cable 

Actual 

distance 

to 

fault 

Calculated  distance 
u>  fault 

Average  en  or 
inteet 

Fault 

Other  wiies 
not  grounded 

Other  wires 
grounded 

Other  wires 
not  grounded 

Other  wires 
grounded 

No.  1 

1098  ft. 

208  ft 

176.1ft. 
234.5  ft. 

189.9ft. 
205  ft. 

—  2.7 

—10.5 

No.  2 

1008  ft. 

208  ft. 

238  ft. 
252.5  ft. 

237.6ft. 
226  ft. 

+37. 

+  24. 

No.  .3 

1021ft. 

557  ft. 

569.8  ft. 
581.5  ft. 

+  18.6 

No.  4 

1021  ft. 

794  ft. 

8^5  ft. 
803  ft. 

818  ft. 

819  ft. 

+  19. 

+  24.5 

No.  5 

987  ft. 

205  ft. 

IW.Oft. 

?a:i.8it. 

209.6  ft. 
181.9  ft. 

-  06.3 

-69.2 

can  study  them,  noting  the  change  of  capacity  for  different 
connections. 

Table  II  gives  the  errors  in  feet, "they  are  sometimes  +  errors 
and  sometimes  —  errors,  thus  tending  to  show  that  inequalities 
in  manufacture  are  probably  largely  the  cause  of  the  discrepancies. 

Telephone  cables.  Telephone  cables  are  made  up  of  twisted 
pairs,  and  when  they  are  jointed  no  attempt  is  made  to  connect 
the  pairs  in  any  definite  order.  In  fact  most  of  the  telephone 
companies  mix  the  pairs  of  the  diiTerent  layers  up  as  much  as 
possible,  thereby  making  the  capacity  of  the  pairs  more  uniform 
and  the  cable  more  efficient  for  telephone  service.  On  account 
of  this  method  of  installation,  it  is  more  difficult  to  locate  split 
pair  faults  accurately. 

Fig.  5  illustrates  what  is  meant  by  a  split  pair.     The  wires  C 
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and  F  are  connected  straight  through  the  cable,  but  D  and  E 
are  cross-connected.  If  those  two  pairs  are  used  for  telephone 
service  there  will  be  more  or  less  cross-talk,  depending  upon  the 
location  of  the  transposition.  Hence  the  need  of  locating  the 
joint  where  the  wrong  connection  has  been  made  and  rectifying 
the  mistake.  Some  of  the  methods  which  have  been  used  for 
locating  split  pairs  are  not  reliable,  giving  only  a  rough  approxi- 
mation. 

After  a  consideration  of  the  former  work  presented  in  this 
paper,  it  will  be  seen  that  the  same  general  methods  may  be 
employed  provided  we  can  make  the  capacity  b  fairly  uniform 
throughout  the  cable,  and  then  either  measure  it  directly,  or  else 
eliminate  it  from  equation  (9).     The  first  can  be  accomplished 


J)  C 


0 

A 


Fig.  5 


fairly  well  by  grounding  all  the  wires  in  the  cable  except  those 
used  in  the  test,  and  b  can  be  eliminated  from  equation  (9)  as 
will  now  be  shown. 

Referring  to  Fig.  5,  A,  A\  A'',  and  A'^'  represent  four  good 
pairs.  C,  D,  E,  and  F  represent  the  split  pairs,  C  and  F  being 
connected  correctly,  D  and  E  being  cross-connected.  The 
capacity  between  the  wires  of  the  individual  pairs  -4,  A',  A", 
and  A"'  should  first  be  measured  and  the  average  taken  as  the 
value  of  a.  It  is  not  absolutely  necessary  to  take  just  four 
pairs,  but  enough  should  be  measured  to  insure  a  good  average 
result. 

As  in  the  case  of  telegraph  cables,  we  will  let  the  capacity 

CD4-EF               ,CE-¥FD       ^ 
^r =   c  and =  a. 
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Now  by  referring  to  Fig.  5  we  can  say  that  the  capacity  b  is 
equal  to  the  capacity  C  E  throughout  the  distance  x  added  to 
the  capacity  C  D  throughout  the  distance  y.  Now  as  a  is  the 
capacity  of  a  pair,  we  can  say  that  a  equals  the  capacity  C  D 
throughout  the  distance  x  added  to  the  capacity  C  E  through- 
out the  distance  y.  Thi^  gives  the  relation  b  =  c-\-d—a.  Sub- 
stituting this  value  of  b  in  equation  (9)  we  get 


TABLE  in 

Rblativb  Capacities  - 

R  IN  Fig. 

1. 

Test 
between 

Fault 
No.  1 

m 

Fault 
No.  2 

m 

Fault 
No.  3 

Fault. 
No.  4 

m 

'    Fault  No.  6 

Fault  No   6 

wires 

m 

n 

m 

M 

A 
A' 

555 
537 
538 
536 

623 
530.5 
519.0 
547.5 

527 
540 
618 
502. 

554 
576 
589 
566 

827 
832.5 
837 
830 

827 
833 
838.5 
830 

827.5 
a39 
848.5 
831.0 

826.5 
838 
846 
829.5 

Average  a 

541.6 

530 

560 

571.2 

831.6 

832.1 

836.5 

835 

CD 
EF 

505 
468 

472 
485 

466 
604 

478 
498 

681 
686.5 

710 
716 

762.5 
706 

770 
773.5 

Average  c 

486.5 

478.5 

485 

488 

683.7 

713 

764.3 

771.8 

CE 
ED 

497 
466 

469 
480.5 

469 
490 

479 
492 

756.5 
747.5 

764.5 
756.5 

679.5 
674.5 

7M.5 
707.5 

Average  d 

481.5 

474.8 

479.5 

485.5 

752 

760.5 

677 

711 

TABLE  IV 


No.  of 

Length 
caWe 

Actual 

distance 

to 

fault 

fault 

No.  1 

586  ft. 

293  ft. 

No.  2 

686  ft. 

293  ft. 

No.  3 

586  ft. 

293  ft. 

No.  4 

586  ft. 

293  ft. 

No.  5 

1166  ft. 

433  ft. 

No.  6 

1155  ft. 

759  ft. 

Calculated  distance 
to  fault 


Other  wiitrs       Other  wires 
not  grounded       grounded 


305.6 

303.1 

302.3 

297.3 

404 

797 


433.7 
765 


Average  error 
in  feet 


Other  wires      Other  wites 
not  grounded      grounded 


+  12. 6ft. 
+  10. 1ft. 
+  9.3  ft. 
+  4.3  ft. 
—29.  ft. 
+  38.    ft. 


0.7  ft. 
6.0  ft. 


.  =    j^-f)  \  (12) 

Which  is  the  formula  to  use  for  a  split  pair  in  a  telephone 
cable  ? 

Referring  now  to  Tables  III  and  IV,  faults  No.  1.  No.  2,  No.  3, 
No.  4  were  purposely  made  in  585  ft.  of  203  pairs  No.  19  cable. 
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There  were  two,  three,  four,  and  five  pairs  respectively  between 
the  faulty  pairs  of  each  fault.  It  is  evident  that  the  farther  the 
faulty  pairs  are  apart,  the  nearer  correct  is  the  fault  location. 
Tests  were  not  made  in  this  case  with  all  the  wires  except  the 
test  wires  connected  to  the  lead  cover,  or  else  a  less  error  in  feet 
would  probably  have  been  obtained.  *  Faults  5  and  6  were  in 
the  No.  13  pairs  of  a  combination  cable  consisting  of  15  pairs 
No.  19,  and  10  pairs  No.  13. 

It  is  a  notable  fact  that  the  error  in  feet  is  much  smaller 
when  all  the  wires  not  used  in  each  test  were  connected  to  the 
lead  cover,  than  when  all  wires  were  free. 

Some  tests  were  made  using  a  ballistic  galvanometer  and  the 
discharge  deflection  method,  and  good  results  were  obtained. 
This  method  would  probably  be  used  the  most  in  practice,  but 
there  are  testing  sets  where  the  resistance  method  and  a  tele- 
phone are  used;  these  are  especially  suitable  for  locating  faults 
of  the  kind  herein  treated.  One  of  these  designed  by  the  writer 
is  giving  good  satisfaction  in  commercial  use. 

Conclusions,  Sufficient  tests  are  not  here  given  to  enable 
anyone  to  tell  how  successfully  such  faults  could  be  located  in 
practice,  but  the  writer  is  of  the  opinion  that  relatively  better 
results  might  be  obtained,  because  the  general  average  of  many 
sections  of  cable  would  tend  towards  capacity  uniformity, 
especially  in  telephone  cables.  The  tests  on  telephone  cables 
here  recorded  average  better  than  those  on  telegraph  cables. 
The  methods  would  probably  have  a  wider  range  of  usefulness 
in  telephonic  than  in  telegrnphic  engineering  work. 
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OP    THE 

AMERICAN  INSTITUTE   OF  ELECTRICAL   ENGINEERS 

[Adopted  by  the  Board  of  Directors    April  22,   1904,  Amended 

February  24,  1905,  March  24,  1905,  February  23,  1906,  May 

19,  1908,  and  November  13,  1908.] 

The  Constitution  as  amended  May  21,  1907,  authorizes  the 
adoption  of  By-laws  as  follows: 

Art.  VII,  Sec.  40.  The  Board  of  Directors  siiall  prepare  aitd 
adopt  a  series  of  By-laws  which  shall  govern  its  procedure  and 
that  of  the  committees,  under  this  Constitution.  Such  By-laws 
shall  be  adopted  or  may  be  amended  by  a  concurring  vote  of  not  less 
than  twelve  (12)  members  of  the  Board  of  Directors;  provided,  that 
the  text  of  a  proposed  By-law  or  amendment  shall  be  furnished  to 
each  member  of  the  Board  of  Directors  at  least  ten  days  before  the 
meetings  at  which  a  vote  on  the  same  will  be  taken, 

BY-LAWS. 
Membership. 

Sec.  1.     Members,   Associates,   and  Honorary  Members,  are 
authorized  to  use  the  following  abbreviations  indicating  their 
grade  of  membership  in  the  Institute. 
Honorary,     Hon.  Mem.  A.  I.  E.  E. 
Member,        Mem.  A.  I.  E.  E. 
Associate,      Assoc.  A.  I.  E.  E. 

The  term  member  (when  printed  without  a  capital),  where 
used  herein,  includes  Members,  Associates,  and  Honorary  Mem- 
bers. 

It  shall  be  the  duty  of  all  members  to  call  the  attention  of 
the  Secretary  to  the  improper  use  of  Institute  badges  or  sym- 
bols, or  to  claims  made  by  non-members  that  they  belong  to 
the  Institute.  The  Secretary  shall  thereupon  investigate 
the  facts  and  lay  the  matter  before  the  Board  of  Directors. 

Sec  2.  An  applicant  for  admission  as  an  Associate  who  is 
not  personally  known  to  three  members  of  the  Institute,  may 
refer  for  one  or  more  of  his  three  references  preferably  to  a 
member  or  members  of  any  grade  in  the  societies  designated  in 
Section  3,  or  to  any  citizens  of  standing  in  the  community; 
and  the  members  of  the  Board  of  Examiners  may  then,  if  satis- 
fied of  his  merits,  endorse  his  application  in  the  usual  manner. 

Sec  3.  An  applicant  for  transfer  who  certifies  that  he  is  not 
personally  known  to  five  Members  may  refer  for  one  or  more  of 
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his  five  references  to  an  Associate  or  Associates  of  the  A.I.E.E., 
or  to  one  or  more  professional  engineers  of  recognized  standing 
who  may  belong  to  any  of  the  following  named  societies:  Amer- 
ican Society  of  Civil  Engineers;  American  Society  of  Mechani- 
cal Engineers;  American  Institute  of  Mining  Engineers;  The 
Canadian  Society  of  Civil  Engineers;  The  Society  of  Naval 
Architects  and  Marine  Engineers,  all  of  America;  or,  the  Insti- 
tution of  Civil  Engineers,  the  Institution  of  Mechanical  Engineers, 
or  the  Institution  of  Electrical  Engineers,  of  Great  Britain;  or 
of  any  approved  American  or  foreign  national  engineering  body. 

Sec  4.  The  names  of  applicants  for  transfer  to  the  grade  of 
Member,  after  being  recommended  for  transfer  by  the  Board  of 
Examiners,  shall  be  posted  in  the  Proceedings,  and  final  action 
thereon  shall  not  be  taken  by  the  Board  of  Directors  until  one 
month  after  such  posting,  in  the  case  of  all  applicants  residing 
in  North  America,  and  until  three  months  after  such  posting, 
in  the  case  of  all  other  applicants. 

Sec  5.  Objection  to  the  admission  of  any  candidate  for 
the  grade  of  Associate,  or  for  transfer  to  the  grade  of  Member, 
must  be  accompanied  by  reasons  for  such  objection,  all  state- 
ments to  be  treated  as  confidential. 

Sec  6.  The  privileges  attaching  to  membership  in  the  In- 
stitute, shall  not  be  accorded  to  applicants  for  admission  until 
they  have  been  duly  elected,  and  have  paid  their  entrance  fees 
and  current  dues. 

Sec  7.  A  prompt  notification  of  his  election  as  an  Associate, 
accompanied  by  a  statement  of  his  initiation  fee  and  dues,  shall 
be  mailed  to  each  candidate  by  the  Secretary.  A  second  notice 
of  his  indebtedness  shall  be  sent  by  registered  mail  30  days  (60 
days  in  the  case  of  members  residing  outside  of  North  America) 
later  to  every  candidate  remaining  in  arrears.  The  Secretary 
may,  at  his  discretion,  cancel  the  election  of  any  applicant 
remaining  in  arrears  30  days  (60  days  in  the  case  of  members 
residing  outside  of  North  America)  after  the  mailing  of  the 
second  notice. 

Sec  8.  A  member  who  has  resigned  in  good  standing,  may, 
on  the  approval  of  the  Board  of  Directors,  be  reinstated  with- 
out payment  of  entrance  fee,  and  shall  be  entitled  to  admission 
to  the  grade  last  held  by  him,  after  review  of  his  pro- 
fessional record  by  the  Board  of  Examiners.  If  the  applicant 
so  elects,  he  may  retain  his  original  date  of  election  or  transfer, 
by  payment  of  all  dues  which  would  have  accrued  during  the 
interim,  and  he  will  then  be  entitled  to  such  Institute  publi- 
cations issued  during  such  period,  as  are  available. 

Sec.  9.  Any  resignations  received  by  the  Secretary  not 
later  than  June  1st  of  any  year  (September  1st  in  the  case  of 
members  residing  outside  of  North  America) ,  may,  at  his  dis- 
cretion, be  considered  as  having  been  received  as  of  May  1st 
preceding. 

Sec  10.    #The  rights  and  privileges  of  each  Honorary  Mem- 
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ber,  Member,  or  Associate,  shall  be  personal  to  himself,  and 
shall  not  be  transferable  or  transmissible  by  his  own  act  or  by 
operation  of  law. 

Sec.  11.  An  Honorary  Member,  Member,  or  Associate,  whose 
membership  shall  terminate  for  any  cause  shall  have  no  right 
or  interest  in  any  property  of  the  Institute  or  any  claim  or 
privilege  in  or  against  the  Institute  or  pertaining  thereto. 

Payment  of  Dues. 

Sec  12.  Annual  dues  are  payable  in  advance  upon  receipt 
of  bills  dated  May  1st,  the  beginning  of  each  fiscal  year. 

Sec  13.  a  bill  for  annual  dues  shall  be  mailed  to  each  mem- 
ber on  or  about  May  1st.  On  October  1st  a  second  notice  shall 
be  sent  to  those  in  arrears.  On  March  1st  following  a  third  notice 
shall  be  sent  by  registered  mail  to  those  remaining  in  arrears,  a 
copy  of  this  section  of  the  By-laws  to  accompany  such  notice. 
Any  member  remaining  in  arrears  May  1st  shall  be  placed  on 
the  Suspended  List,  shall  receive  no  further  Institute  publica- 
tions, and  shall  be  debarred  from  enjoying  its  other  privileges 
until  reinstated.  At  its  May  meeting  the  Secretary  shall  submit 
to  the  Board  of  Directors  a  list  of  the  delinquents,  for  its  action 
thereon. 

Sec  14.  The  mailing  of  such  bills  or  statements  to  the  last 
address  upon  the  office  Mailing  List,  shall  be  considered  a 
valid  notice  of  indebtedness. 

Board  op  Directors. 

Sec  15.  The  regular  monthly  meeting  of  the  Board  of  Direc- 
tors shall  be  held  on  the  same  day  as  the  regular  monthly  meet- 
ing of  the  Institute.  The  meeting  may  also  be  held  in  any 
month  when  no  regular  Institute  meeting  occurs,  the  date  of 
such  meeting  and  the  hour  of  all  meetings  to  be  set  by  the 
President. 

Elections. 

Sec  16.  A  Manager  elected  to  fill  a  vacancy  for  an  unexpired 
term  shall  be  selected  from  those  whose  names  appeared  on  the 
General  Proposal  List  prepared  for  the  last  annual  election. 

Sec  17.  In  preparing  the  Directors*  Ticket,  candidates  shall 
be  voted  for  by  written  or  printed  ballot.  The  names  of  can- 
didates for  Vice-president  should  be  selected,  as  far  as  prac- 
ticable, from  different  sections  of  the  country. 

Sec  18.  For  the  guidance  of  members  in  the  selection  of 
nominees  for  the  annual  election,  there  shall  be  published  in  the 
January  and  February  Proceedings,  each  year,  a  summary  of 
the  nomination  votes  of  the  preceding  year,  containing  the 
names  of  all  persons  having  received  at  least  three  per  cent,  of 
the  entire  number  of  nomination  votes  cast,  and  also  the  names 
of  all  directors  not  included  in  this  list  and  of  ex- Vice-presidents 
and  Managers  who  have  held  office  at  any  time  during  the 
preceding  five  years. 
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Sec.  19.  Nomination  forms,  as  provided  in  the  Constitution, 
shall  be  sent,  upon  application,  to  Associates  who  have  qualified 
between  the  dates  of  February  1st  and  March  1st;  and  single 
copies  only,  of  such  nomination  forms,  shall  be  sent,  upon  re- 
quest, as  duplicates,  to  members  who  may  have  mi^aid  or 
destroyed  their  original  copies.  Nominations  may,  however, 
be  written  on  blank  paper  if  the  regular  form  is  not  available. 

Officb  Organization.. 

Sec  20.  The  office  organization  shall  include  an  Assistant 
Secretary  and  an  Editor. 

The  Assistant  Secretary  shall  assist  the  Secretary,  and,  in  his 
absence,  may  act  for  him,  and  shall  have  such  other  duties  as 
may  be  specifically  assigned  to  him  by  the  Board  of  Directors 
from  time  to  time. 

The  Editor  shall  report  directly  to  the  Secretary,  and  shall, 
under  the  direction  of  the  Meetings  and  Papers  and  the  Editing 
Committees,  have  charge  of  the  publication  of  the  Proceedings 
and  of  the  Transactions. 

John  Fritz  Medal. 
Sec  21.  The  representatives  of  the  Institute  on  the  Board 
of  Award  of  the  John  Fritz  Medal,  shall  be  the  President  of  the 
Institute,  and  his  three  immediate  predecessors  in  office. 
Each  year  the  president-elect,  after  assuming  the  active 
duties  of  his  office,  shall,  on  the  third  Friday  in  January, 
become  a  representative  of  the  Institute  on  the  Board 
of  Award  of  the  John  Fritz  Medal,  and  the  functions  of  the 
senior  past-president,  in  connection  with  this  award,  shall  then 
cease  and  determine.  In  the  event  of  the  death  or  permanent 
disability  of  any  of  the  representatives  of  the  Institute  on  the 
Board  of  Award  of  the  John  Fritz  Medal,  the  Board  of  Directors 
shall  be  empowered  to  select  his  successor  from  among  the  sur- 
viving past-presidents  of  the  Institute,  and  such  successor 
shall  hold  office  for  the  term  of  the  representative  in  whose 
place  he  is  appointed. 

Additional  Duties  of  Committees. 

Sec  22.  Each  standing  committee  shall  have  a  regular 
monthly  day  of  meeting,  as  far  as  practicable.  All  resolutions 
or  reports  which  each  committee  shall  forward  to  the  Board 
of  Directors  for  action,  must  be  signed  by  the  chairman. 

Sec  23.  In  addition  to  the  duties  prescribed  by  the  Constitu- 
tion, it  shall  be  the  "uty  of  the  Finance  Committee  to  cause  to 
be  prepared  for  the  L- formation  of  the  Board  of  Directors,  a 
balance  sheet  each  year,  ^.o  September  30th,  showing  the  financial 
condition  of  the  Institute,  including  the  state  of  each  fimd 
which  may  be  separately  invested;  sJso  to  submit  to  the  Board 
of  Directors  at  its  October  meeting  a  budget  of  estimated  re- 
ceipts and  expenditures  for  the  ensuing  year  beginning  October 
1st.     It  shall  also  be  the  auty  of  the  Finance  Committee   to 
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have  the  bank  books  and  securities  of  the  Institute  examined, 
prior  to  the  annual  financial  statement  made  in  the  month  of 
May,  and  to  certify  to  their  correctness. 

Sec.  24.  It  shall  be  the  duty  of  the  Library  Committee  to 
advise  in  regard  to  the  purchase  of  books  or  the  acceptance  of 
donations  for  library  purposes,  on  behalf  of  the  Institute;  to 
prepare  an  annual  report  for  the  year  ending  April  30th,  showing 
the  state  of  the  library,  and  giving  the  names  of  all  donors  to 
the  library  for  the  preceding  year,  which  report,  when  accepted 
by  the  Board  of  Directors,  shall  be  printed,  and  form  part  of 
the  monthly  Proceedings. 

Sec  25.  The  Meetings  and  Papers  Committee  shall  accept 
no  paper  from  a  non-member  unless  directly  authorized  to  do 
so  by  the  Board  of  Directors. 

Sec  26.  In  addition  to  the  duties  prescribed  by  the  Constitu- 
tion, it  shall  be  the  duty  of  the  Editing  Committee  to  exercise 
a  general  supervision  over  all  publications  of  the  Institute.  It 
shall  also  call  the  attention  of  the  Meetings  and  Papers  Com- 
mittee to  papers  which  it  may  deem  imsuitable  for  publication 
in  the  Proceedings  or  Transactions,  assigning  specific  reasons 
therefor. 

Sec  27.  Each  temporary  committee  appointed  to  arrange 
for  the  holding  of  the  Annual  Convention,  or  for  any  other  pur- 
pose involving  expense  to  the  Institute,  shall  prepare  an  esti- 
mate of  its  probable  expenditure  and  submit  it  to  the  Board  of 
Directors  for  approval. 

Sec  28.  The  functions  and  duties  of  temporary  committees 
shall  be  defined  by  the  Board  of  Directors.  At  the  beginning  of 
each  administrative  year  the  Secretary  shall  transmit  to  all  the 
members  of  each  temporary  committee  whose  duties  may  be 
continued,  copies  of  the  original  resolutions  constituting  such 
temporary  committee.  It  shall  be  the  duty  of  the  Secretary  to 
call  the  attention  of  the  Board  of  Directors  to  work  done  by  any 
temporary  committee  outside  the  scope  of  the  resolution  or 
resolutions  which  constituted  it. 

Sec  29.  The  expenditures  of  the  Institute  shall  be  regulated 
by  annual  appropriations  which  shall  begin  on  the  first  day  of 
October  of  each  year.  Each  committee  shall  submit  to  the 
Secretary  for  the  information  of  the  Finance  Committee  in  pre- 
paring its  annual  October  budget,  an  estimate  of  its  require- 
ments for  the  ensuing  year. 

Sec  30.  No  standing  or  temporary  committee  shall,  under 
any  circumstances,  exceed  its  authorized  appropriation  without 
first  obtaining  the  sanction  of  the  Board  of  Directors. 

Sue  31.  For  the  information  and  guidance  of  these  com- 
mittees the  Secretary  shall  each  month  send  to  the  chairman 
of  every  committee  which  has  incurred  expense  during  the  pre- 
ceding month,  the  following  information: 

1.  Total  amount  of  all  appropriations  authorized  for  the  cur- 
rent year  by  the  Board  of  Directors  for  such  committee. 
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2.  Amount  in  dollars  and  per  cent,  of  appropriation  expended 
during  the  preceding  month. 

3.  Amoimt  in  dollars  and  per  cent,  of  appropriation  expended 
during  the  current  fiscal  year,  including  the  preceding  month. 

4.  The  same  information  for  the  corresponding  periods  of  the 
preceding  year,  when  available. 

Sec  32.  The  President  may  invite  any  non -member  to  dis- 
cuss any  paper  presented  at  a  meeting  of  the  Institute,  and 
the  chairman  of  any  Section  may  invite  any  non-member  to 
discuss  any  paper  presented  at  the  Section  of  which  he  is 
chairman. 

Publications. 

Sec.  33.  The  regular  publications  of  the  Institute  shall 
include  Proceedings,  to  be  published  monthly,  and  Tran- 
sactions, to  be  published  quarterly,  semi-annually,  or  annually. 

Sec  34.  The  Proceedings  may  have  two  principal  divisions: 

1.  For  current  matter  and  Institute  news; 

2.  For  technical  papers,  discussions  and  other  matter  of  an 
engineering  character. 

Sec  35.  The  Transactions  shall  contain  such  papers,  dis- 
cussions and  other  engineering  matter  previously  printed  in 
the  Proceedings,  as  may  be  approved  for  publication  in  the 
Transactions  by  the  Meetings  and  Papers  Committee  and  the 
Editing  Committee. 

Sec  36.  From  the  annual  dues  paid  by  each  member,  five 
dollars  (S5.00)  shall  be  deducted  and  appUed  as  a  subscription 
to  the  Proceedings  for  the  year  covered  by  such  payment. 

Sec  37.  The  payment  of  the  annual  dues  by  any  member 
shall  entitle  him  to  receive  a  bound  copy  of  each  volume  of  the 
Transactions  for  the  period  covered  by  such  payment. 

Sec  38.  The  paper  or  papers  presented  at  the  meeting  in  any 
month  shall  be  published  in  the  Proceedings,  preferably  in 
advance  of  the  meeting. 

Sec  39.  A  paper,  after  being  edited  and  revised  for  publica- 
tion under  the  direction  of  the  Meetings  and  Papers  Committee, 
shall  be  returned  to  the  author  to  obtain  his  consent  to  its 
publication  as  revised.  In  case  the  author  shall  not  consent 
to  publication  in  the  form  suggested  by  the  said  committee,  and 
a  revision  acceptable  to  both  the  committee  and  the  author 
cannot  be  arranged,  the  paper  shall  not  be  presented  or  published. 

Sec  40.  A  discussion  or  communication,  after  being  edited 
and  revised  for  publication  under  the  direction  of  the  Editing 
Committee,  shall  be  returned  to  the  author  to  obtain  his  con- 
sent to  its  publication  as  revised.  In  case  the  author  shall 
not  consent  to  publication  in  the  form  suggested  by  the  said 
committee,  and  a  revision  acceptable  to  both  the  committee 
and  the  author  cannot  be  arranged,  the  discussion  or  com- 
mimication  shall  not  be  published. 

Sec  41.  No  paper,  or  written  contribution  to  a  discussion 
shall  be  given  to  the  press  for  publication,  in  advance  of  its 
presentation,  except  by  authority  of  the  Board  of  Directors, 
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Sec.  42.  No  person  shall  receive  monetary  compensation 
from  the  reprinting  of  any  paper  or  discussion  presented  before 
the  Institute  or  before  any  Section  or  Branch  without  previous 
authorization  from  the  Editing  Committee. 

Sec.  43.  The  Secretary  is  authorized  to  receive  annual  sub- 
scriptions for  the  monthly  Proceedings,  ending  with  the  cal- 
ender year,  at  the  rate  of  $10.00  per  annum  for  all  countries  to 
which  the  bulk  rate  of  postage  applies.  To  all  other  countries 
the  price  shall  be  $12.00  per  annum,  fifty  per  cent,  discoimt  to 
libraries. 

Sec  44.  Existing  bound  volimies,  or  bound  volumes  here- 
after published,  may  be  sold  to  non-members  at  the  following 
prices: 

Paper  covers.  Vols.  I  to  IV,  each J2.00 

Paper  covers,  later  volumes,  per  year 10.00 

Cloth         "         "  u         u         u    11  5Q 

Half  Morocco     "  «         «        «    13  00 

A  discount  of  10  per  cent,  from  the  above  prices,  either  for 
volumes,  subscriptions,  or  parts,  may  be  allowed  to  publishers 
and  dealers.  .  Members  and  Associates  shall  be  allowed  a  dis- 
coimt of  50  per  cent,  on  parts  or  duplicate  volumes  to  replace 
I  hose  lost  or  destroyed.  They  may  purchase  volumes  issued 
prior  to  their  election,  when  available,  at  $5.00  each,  either  in 
paper  or  cloth  covers,  or  at  $1.00  extra  for  half  morocco  binding. 

Sec  45.  An  Associate  shall  be  entitled  to  receive  the  bound 
volume  or  volumes  of  the  Transactions,  beginning  with  the 
volume  including  the  corresponding  half  year  in  which  he  has 
paid  his  entrance  fee,  and  such  single  copies  of  the  Proceedings 
for  the  same  period  as  he  may  apply  for,  and  which  are  available. 

Sec  46.  A  member  who  has  presented  a  paper  to  the  In- 
stitute, which  has  been  printed  in  the  Proceedings,  shall  be 
entitled,  upon  application,  to  15  copies  of  the  paper,  or,  at  the 
Secretary's  discretion,  of  the  Proceedings  containing  such 
paper,  and  to  the  same  number  of  copies  of  the  discussion,  pro- 
vided such  copies  arc  available. 

Sec  47.  A  catalogue  of  members  shall  be  published  annuall5^ 
A  directory,  in  which  the  names  are  grouped  geographically 
(Members*  names  shall  be  distinguished  from  those  of  Associates 
by  a  diiTcrence  in  type),  may  also  be  issued.  The  Constitution 
and  By-laws  of  tlie  Institute  shall  be  printed  in  at  ieast  one 
of  these  publications.  .  Either  the  catalogue  or  the  directory, 
or  both,  at  the  S>ecretary's  discretion,  may  be  issued  as  a  part 
of  the  Proceedings. 

Sections. 

Sec  48.  The  principal  work  of  a  Section  shall  be  the  holding 
of  regular  meetings  for  the  presentation  and  discussion  of  papers 
on  matters  relating  to  electricity,  and  to  the  allied  arts  and 
sciences. 

Sec  49.  A  Section  of  the  Institute  may  cooperate  with 
other  local  engineering  organizations  in  the  holding  of  joint 
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meetings,  and  may  invite  members  of  such  organizations  to  its 
meetings. 

Sec.  50.  A  petition  for  the  formation  of  a  Section  shall  specify 
the  territory  to  be  included  and  shall  be  signed  by  not  less  than 
25  members  residing  therein. 

Sec  51.  The  territory  of  a  Section  shall  include  the  locality 
naturally  tributary  thereto,  but  shall  not  include  territory  so 
remote  that  members  cannot  readily  attend  meetings. 

Sec.  52.  A  Section  shall  be  known  as:  The  (name  of  place) 
Section  of  the  American  Institute  of  Electrical  Engineers. 

Sec.  53.  In  the  initial  Section  organization  only  petitioners 
shall  have  the  right  to  vote. 

Sec  54.  In  addition  to  Institute  members  the  Section  by- 
laws may  admit  other  persons  interested  in  engineering,  who 
shall  have  all  the  Section  privileges  except  those  of  voting  and 
holding  office. 

Sec  55.  The  terms  of  office  of  the  Section  Chairman  and 
Secretary  shall  coincide  with  that  of  the  President  of  the  In- 
stitute. They  may  or  may  not  be  eligible  for  reelection  as 
prescribed  in  the  Section  by-laws. 

Sec  56.  The  Board  of  Directors  may  at  any  time  rescind 
the  authorization  of  any  Section  and  terminate  its  existence. 

Sec  57.  Papers  and  discussions  presented  before  a  Section 
or  Branch  shall  be  the  propertyof  the  Institute,  and  may  be 
published  only  on  authorization  of  the  Editing  Committee. 

Sec  58.  The  Executive  or  other  suitable  Section  or  Branch 
committee  in  charge  shall  be  responsible  to  the  Editing  Com- 
mittee for  all  Section  or  Branch  papers  and  discussions.  Such 
matter  as  is  approved  by  such  local  Section  or  Branch  committee, 
as  suitable  for  publication  in  the  Proceedings,  shall  be  presented 
to  the  Secretary  of  the  Institute  for  consideration  by  the 
Editing  Committee,  who  in  judging  its  suitability  shall  be  gov- 
erned by  the  same  reasons  as  are  applied  to  similar  matter 
oflfered  for  presentation  at  Institute  meetings. 

Sec  50.  Section  or  Branch  papers  and  discussions  not  pub- 
lished in  the  Proceedings  may  be  published  elsewhere,  with  the 
statement  that  they  have  been  presented  before  such  Section  or 
Branch,  provided  that  previous  approval  of  such  publication  has 
been  secured  from  the  Section  or  Branch  committee  in  charge, 
and  from  the  Editing  Committee.  The  Editing  and  the  Section 
or  Branch  committees  may  authorize  the  publishing  of  a  Sec- 
tion or  Branch  paper  or  discussion  without  reference  being 
made  to  its  presentation  before  the  Section  or  Branch. 

Sec  60.  It  shall  be  the  duty  of  the  Secretary  of  the  Section 
to  S'-»nd  to  the  Chairman  of  the  Sections  Committee,  on  or  before 
October  1st  of  each  year,  an  estimate  of  the  appropriation  re- 
quired from  the  Institute  for  the  expenses  of  the  Section  during 
the  year  ending  the  30th  of  the  following  September.  The 
Sections  Committee  shall  apportion  among  the  Sections  such 
appropriation  as  may  be  authorized  by  the  Board  of  Directors, 


Digitized  by  VjOOQIC 


bY'LAWS  1741 

and  shall  notify  the  Secretary  of  each  Section  of  the  amount 
apportioned  to  it.  Such  amounts  may  be  drawn  upon  only  for 
the  reasonable  expenses  of  the  engineering  meetings  of  the 
Section  upon  presentation  of  original  bills  endorsed  by  the  Sec- 
tion Secretary  and  for  the  transportation  expenditures  of  the 
Section's  official  delegate  to  the  Annual  Convention. 

Students. 

Sec.  61.  Any  person  pursuing  a  regular  course  of  under- 
graduate study  in  electrical  subjects,  in  any  university  or 
technical  school  of  recognized  standing,  may  be  enrolled  as  a 
**  Student  of  the  American  Institute  op  Electrical  Engi- 
neers." as  hereinafter  provided. 

Sec.  62.  Each  application  for  enrolment  as  a  Student  shall 
be  endorsed  by  a  member  of  the  Institute.  It  shall  be  passed 
upon  by  the  Board  of  Examiners,  and  submitted  to  the  Board 
of  Directors  for  action. 

Sec  63.  The  annual  Student  fee  shall  be  three  dollars  ($3.00) , 
payable  in  advance.  The  period  of  Student  enrolment  shall  not 
exceed  three  years,  and  shall  date  from  the  first  of  January 
nearest  the  date  of  filing  application. 

Sec  64.  The  annual  fee  of  three  dollars  ($3.00)  paid  by 
each  Student  shall  be  applied  as  a  subscription  to  the  Pro- 
ceedings for  the  year  covered  by  such  payment. 

Sec  65.  Students  enrolled  under  the  provisions  of  these 
By-laws  shall  each  be  entitled  to  receive  the  regular  monthly 
Proceedings  and  ordinary  notices  of  meetings.  They  will  be 
permitted  to  purchase  the  current  Transactions  at  $3.50  per 
year  during  the  period  of  their  enrolment. 

Sec  66.  Student  privileges  may  be  v/ithdrawn  at  any  time 
by  the  Board  of  Directors. 

Sec  67.  A  Student  changing  his  mailing  address  without 
notifying  the  Secretary  shall  be  entitled  to  available  duplicate 
copies  of  parts  of  the  Proceedings  upon  payment  cf  twenty- 
five  cents  for  each  part. 

University  Branches. 

Sec  68.  Any  member  who  may  be  connected  with  a  imi- 
versity  or  technical  school  of  recognized  standing,  having  a 
course  in  electrical  engineering,  may,  upon  the  approval  of  the 
Board  of  Directors,  organize  Student  meetings,  to  be  held  under 
his  direction,  such  Student  meetings  to  be  designated  as  (name 
of  institution)  Branch  of  the  American  Institute  op  Elec- 
trical Engineers. 

Sec  69.  University  Branches  shall  organize  by  appointment 
or  election  of  an  Executive  Committee  of  any  suitable  number 
of  which  the  said  member  shall  be  a  member,  and  of  which  other 
members  or  the  enrolled  Students  of  the  Institute  may  consti- 
tute the  other  members.  This  organization  shall  be  subject 
to  the  approval  of  the  Board  of  Directors.     Other  students  in 


Digitized  by  VjOOQIC 


1742  ^Y'LAWS 

the  electrical  engineering  course  of  the  institution  may  attend 
the  meetings,  under  conditions  to  be  prescribed  by  the  Uni- 
versity Branch. 

Sec.  70.  The  member,  by  whom  the  University  Branch  shall 
be  organized,  or  the  member  who  succeeds  him  on  its  Executive 
Committee,  shall  be  responsible  to  the  Secretary  of  the  In- 
stitute, for  the  conduct  of  its  affairs,  and  shall  make  regular 
reports  to  the  Secretary,  of  the  proceedings  at  its  meetings. 

Sec  71.  At  the  meetings  held  by  University  Branches  the 
papers  read  and  discussed  may  be  either  original  papers,  or 
may  be  papers  read  before  one  of  the  regular  meetings  of  the 
Institute.  The  Secretary  of  the  Institute  may  send  to 
University  Branches  a  limited  number  of  advance  copies  of 
the  papers  of  the  Institute. 

Sec  72.  The  Institute  shall  publish,  from  time  to  time,  a 
list  of  universities  and  technical  schools  in  which  University 
Branches  have  been  organized,  and  brief  notices  of  the  pro- 
ceedings of  their  meetings. 
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REPORT  OF  THE  BOARD  OF  DIRECTORS   FOR  THE  FISCAL 
YEAR  ENDING  APRIL  30,  1908. 


The  Board  of  Directors  presents  herewith  for  the  information  of  the 
Institute  a  report  of  its  work  during  the  year,  of  the  various  stand- 
ing and  special  committees,  and  the  financial  standing  of  the  organiza- 
tion. 

The  Annual  Convention  was  held  at  Niagara  Falls,  June  25-28,  1907. 
The  total  registered  attendance  was  459.  Thirty-two  professional  pa- 
pers, including  the  President's  annual  address,  the  report  of  the  Committee 
on  a  Code  of  Ethics,  and  the  revised  Standardization  Rules,  were  pre- 
sented and  discussed. 

The  Board  of  Directors  has  held  1 1  regular  monthly  meetings  and  one 
special  meeting  during  the  year,  and  the  Executive  Committee  one 
meeting. 

Upon  recommendation  of  the  Finance  Committee,  and  with  the  ap- 
proval of  the  General  Counsel,  advance  payments  were  made  upon  the 
Institute's  share  of  the  land  occupied  by  the  Engineers'  building.  The 
total  amount  paid  was  $81,000.  covering  nine  out  of  the  twenty  annual 
instalments,  up  to  and  including  July  1,  1916.  These  payments  were 
made  from  the  Land,  Building  and  Endowment  Fund. 

Upon  recommendation  of  the  Finance  Committee  the  Institute  has 
purchased  for  investment  $12,000.00,  face  value.  New  York  City  registered 
bonds  drawing  interest  at  4i  per  cent.,  which  were  paid  for  out  of  the 
current  bank  balance. 

Board  of  Examiners, — Eleven  meetings  were  neld  during  the  year,  at 
which  applications  for  election  as  Associates,  enrolment  as  Students, 
and  transfer  to  the  grade  of  Member,  have  been  reported  to  the  Board 
of  Directors  as  follows : 

Recommended  for  election  as  Associates 1,588 

Not  recommended  for  election  as  Associates 8 

Recommended  for  enrolment  as  Students 687 

Recommended  for  transfer  to  the  grade  of  Member 53 

Not  recommended  for  transfer  to  the  grade  of  Member 23 

Held  for  further  information 8 

Total  number  of  applications  considered 2,367 

Sections  Committee. — Prior  to  the  adoption  of  the  new  Constitution  a 
year  ago  the  local  organizations  were  divided  into  three  classes:  namely. 
Branches,  University  Branches,  and  Student  Meetings.  The  total  num- 
ber of  local  organizations  of  all  classes  on  April  30,  1907,  was  33.  Under 
the  new  Constitution  the  local  organizations  were  divided  into  two 
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classes:  Sections  and  Branches.  There  are  now  48  local  organizations, 
22  of  which  are  Sections,  and  26  Branches;  an  increase  of  15  during  the 
year.  Of  this  number  four  are  Sections,  organized  at  Toledo,  Cleveland, 
Norfolk,  and  the  City  of  Mexico.  The  other  11  are  Branches  located 
in  various  parts  of  the  country.  In  addition  to  the  Sections  and 
Branches  organized  during  the  year,  the  committee  has  received 
many  inquiries  from  different  cities  respecting  the  organization  of  Sec- 
tions. The  reports  of  local  secretaries  show  that  284  meetings  were 
held  at  the  different  Sections  and  Branches  during  the  year,  with  a 
total  attendance  of  11,604.  At  these  meetings  204  original  papers  were 
presented,  in  addition  to  which  104  Institute  papers  were  discussed. 
The  increasing  interest  taken  in  section  work  as  shown  by  the  facts 
presented  in  this  report  is  further  indicated  by  the  large  number  of  visit- 
ing speakers  who  have  at  various  times  during  the  year  been  invited  to 
take  part  in  section  and  branch  meetings.  The  results  of  the  year's 
work  are  very  encouraging,  and  there  is  every  reason  to  believe  there 
would  be  even  a  more  satisfactory  showing  had  all  the  local  meetings 
been  reported  to  the  secretary  of  the  Institute. 

Building  Fund  Committee. — Notwithstanding  the  financial  depression 
of  the  latter  half  of  the  year,  the  Building  Fund  Committee  is  able  to 
report  that  the  number  of  subscribers  to  the  Fund  has  increased  from 
934  to  1,538.  The  amount  subscribed  during  the  year  was  $6,464.68, 
showing  an  average  for  the  new  subscribers  of  a  little  over  $10.00  per 
capita.  The  amount  collected  and  placed  in  the  treasury  of  the  Institute 
during  the  year  by  the  committee  was  $10,780.23.  The  total  amount 
now  pledged  by  the  efforts  of  the  committee  is  $170,199.15,  out  of  which 
$1 35,609.50  has  already  been  collected.  It  will  thus  be  seen  that  the  Fund 
has  made  substantial  and  encouraging  progress,  and  it  is  hoped  that 
with  the  return  of  prosperity  the  remaining  $15,000  required  may  be  ob- 
tainable from  the  membership,  so  that  the  Institute  may  enter  upon  its 
second  quarter  of  a  century  in  1909  absolutely  free  of  debt.  While  the 
number  of  subscribers  is  already  so  large,  it  is  believed  that  amongst 
those  who  have  not  yet  subscribed,  and  especially  amongst  the  newer 
members,  there  will  be  found  enough  public  spirited  men  to  extinguish 
the  small  amount  of  indebtedness  not  now  provided  for.  The  committee 
feels  strongly  the  desirability  of  basing  the  subscription  list  as  broadly 
as  possible,  and  while  it  has  been  successful  in  securing  some  very  large 
individual  gifts,  it  has  directed  and  is  still  directing  its  efforts  more 
particularly  in  the  line  of  smaller  amoimts. 

Standards  Committee. — The  Standards  Committe  has  held  three  meet- 
ings since  its  appointment.  Through  its  members  it  has  engaged  in  a 
number  of  conferences  with  representatives  from  other  national  asso- 
ciations, including  the  National  Bureau  of  Standards,  with  a  view  to 
assisting  in  a  movement  for  an  international  agreement  as  to  standard  of 
light.  The  work  of  recomputing  a  wire  table  is  held  in  abeyance  until 
the  National  Bureau  of  Standards  announces  the  value  of  the  tem- 
perature coefficient  of  resistivity  of  copper,  which  is  being  determined. 

Library  Committee.— The  complete  report  of  this  Committee  will  be 
printed  in  the  Institute  Procbbdings  in  the  near  future. 

Committee  on    Bibliography, — The    catalogue  of    the   Latimer   Clark 
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Library,  which  was  presented  to  the  Institute  in  1901  by  Dr.  Schuyler 
Skaats  Wheeler,  is  now  ready  for  printing.  A  very  large  amount  of 
painstaking  effort  has  been  expended  upon  this  work,  and  the  proofs 
have  been  carefully  revised  by  many  authorities  both  in  this  country 
and  abroad. 

Meetings  and  Papers  Committee. — During  the  year  this  committee  has 
arranged  for  eight  regular  and  two  special  meetings  and  a  meeting  in  honor 
of  Lord,  Kelvin.  The  special  meetings  were  on  the  subject  of  Forest 
Preservation  and  Technical  Education*  the  latter  under  the  auspices  of 
the  Educational  Sub-Committee.  A  total  of  seventeen  papers  were 
read  at  these  meetings. 

The  regular  annual  convention  was  held  at  Niagara  Falls  under  the 
auspices  of  the  last  committee.  Preparations  are  now  being  made  for 
the  coming  convention  at  Atlantic  City.  About  thirty-three  papers,  of 
which  many  are  short,  will  be  presented. 

The  committee  has  made  a  vigorous  effort  to  publish  the  papers  in 
the  issue  of  the  Procbbdings  immediately  in  advance  of  the  meeting, 
and  this  result  has  been  accomplished  in  all  instances  with  one  possible 
exception.  It  is  believed  that  it  is  a  great  advantage  for  the  member- 
ship at  large  to  have  the  papers  in  their  hands  some  days  in  advance 
of  the  meeting.  The  manuscripts  for  the  convention  papers  have  nearly 
all  been  received  and  will  be  published  in  the  May  and  June  Pro- 
ceedings as  far  as  possible. 

It  has  been  the  practice  of  the  committee  during  the  present  year  to 
consider  the  various  sub-committees  as  practically  independent  bodies, 
except  so  far  as  the  arrangement  of  dates  and  the  editorial  revision  of 
papers  is  concerned.  The  initiative  in  the  choice  of  subjects,  the  solicit- 
ing and  accepting  of  papers,  etc.,  have  been  in  the  hands  of  sub-com- 
mittees. This  is  believed  to  be  the  only  practical  method  of  conducting 
the  work.  The  present  arrangement  of  the  sub-committees,  if  treated 
in  a  liberal  spirit,  seems  to  be  a  very  desirable  one. 

Papers  presented  at  the  Section  meetings  have  been  considered  by 
the  same  standard  as  the  papers  submitted  for  the  New  York  meetings, 
and  a  number  have  been  printed  in  the  Proceedings  during  the  year. 

Educational  Sub-Committee. — During  the  winter  several  meetings  of 
this  committee  have  been  held  in  New  York  City.  As  a  sub-committee 
of  the  Meetings  and  Papers  Committee,  the  first  function  of  this  com- 
mittee is  to  obtain  papers  on  the  subject  of  technical  education,  and  to 
arrange  for  meetings.  Accordingly  a  special  meeting  of  the  Institute 
was  held  on  January  24,  1908,  at  which  two  papers  on  engineering  edu- 
cation were  presented.  Eighteen  members  of  the  Institute  took  part 
in  the  discussion  which  followed. 

The  University  Branches  throughout  the  country  were  urged  to  take 
up  the  subject  of  technical  education  and  devote  a  session  to  it,  which 
many  of  them  did.  The  chairman  of  this  committee  conducted  the 
meeting  on  this  subject  at  the  University  of  Illinois.  He  also  visited 
several  other  technical  institutions  during  the  year.  The  committee 
has  arranged  for  the  presentation  of  several  papers  on  technical  edu- 
cation at  the  coming  convention  at  Atlantic  City. 

Railway  Sub-Committee. — The  Railway  Committee  during  the  past  year 
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has  acted  in  conjunction  with  the  Meetings  and  Papers  Committee  in 
obtaining  papers  and  speakers  on  railway  subjects.  The  committee  sug- 
gests that  one  of  its  members  beappointed  on  the  Standards  Committee, 
and  that  all  matters  relating  to  the  standardization  of  railway  appar- 
atus or  railway  practices  be  referred  to  it  by  the  Standards  Committee. 
The  field  of  usefulness  of  the  Railway  Committee  appears  to  be  three- 
fold— acting  in  an  advisory  capacity  to  the  Meetings  and  Papers  Com- 
mittee, the  Standards  Committee,  and  the  High-Tension  Transmission 
Committee,  and  while  its  activities  have  been  largely  limited  to  acting 
in  conjunction  with  the  Meetings  and  Papers  Committee  during  the 
past  year,  it  is  probable  that  the  continued  existence  of  the  committee 
will  demonstrate  the  benefit  restdting  from  broadening  its  duties. 

Editing  Committee. — Since  September,  1907.  there  have  been  edited 
and  published  eight  numbers  of  the  Proceedings.  The  total  nimiber 
of  pages  of  these  Proceedings  is  1494;  of  this  total,  454  pages  have  ap- 
peared as  Section  I,  1040  pages  as  Section  II.  Of  the  1040  pages  in 
Section  II,  580  pages  were  devoted  to  technical  papers,  and  460  pages 
to  discussions.  In  editing  the  discussions,  the  Committee  has  en- 
deavored consistently  to  make  them  approach  the  well  established  In- 
stitute standards  of  style  as  to  substance  and  form. 

This  committee  has  conferred  with  the  Meetings  and  Papers  Committee 
in  regard  to  the  publication  of  Volume  XXVI  of  the  Transactions. 
This  conference  has  decided  that  the  Transactions  for  1907,  consisting 
of  approximately  1850  pages  of  papers,  discussions  and  reports,  be  printed 
in  two  parts.  Part  I  is  now  at  the  bindery  and  Part  II  is  in  press.  Both 
parts  will  probably  be  ready  for  distribution  in  July. 

Law  Committee, — The  Law  Committee  held  six  meetings  during  the 
year.  Its  most  important  work  has  been  the  revision  of  the  By-laws 
to  conform  to  the  new  Constitution.  In  this  work  the  committee  was 
assisted  by  members  of  other  committees  and  by  suggestions  and  com- 
ments from  Institute  members.  The  proposed  new  By-laws  are  now 
in  form  for  presentation  to  the  Board  of  Directors. 

Other  matters  to  receive  the  attention  of  the  committee  during  the 
year  were:  the  discrepancy  between  the  dates  of  the  Annual  Meeting 
as  set  forth  in  the  Charter  and  in  the  Constitution;  the  resolutions  of  the 
past-presidents  embodying  several  important  suggestions;  resolutions 
of  the  Toronto  Section  respecting  an  intermediate  grade  of  member- 
ship in  the  Institute. 

Code  Committee. — The  Code  Committee  has  held  five  meetings  during  the 
year  for  the  discussion  of  some  of  the  more  important  changes  which  have 
been  proposed  for  embodiment  in  the  National  Electrical  Code.  The 
committee  requests  that  any  member  of  the  Institute  who  may  have 
noted  instances  of  ambiguity  in  the  present  rules  of  the  code,  bring  the 
matter  to  the  attention  of  Mr.  CM.  Goddard,  Secretary  of  the  Under- 
writers Electrical  Committee,  55  Kilby  Street,  Boston,  Mass.,  preferably 
with  a  suggested  modified  wording  to  avoid  the  ambiguity. 

The  Code  Committee  was  officially  represented  by  its  chairman  at  the 
meeting  of  the  Underwriters  National  Electric  Association,  March  25 
and  26;  also  of  the  meeting  of  the  National  Conference  on  Standard  Elec- 
trical Rules  on  March  27, 
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Committee  on  Forest  Preservation. — This  committee  has  devoted  its 
efforts  largely  to  emphasizing  the  importance  of  forest  preservation 
from  the  standpoint  of  the  protection  of  water  powers.  As  a  result  of 
the  suggestions  of  the  committee,  meetings  devoted  to  this  subject  were 
arranged  by  the  local  officers  of  the  Atlanta,  Boston,  Minneapolis,  Pitts- 
field,  and  Urbana  Sections.  Through  the  co5peration  of  the  Meetings  and 
Papers  Committee  Mr.  Gifford  Pinchot  read  a  paper  on  the  "  Conserva- 
tion of  Natural  Resources"  at  a  special  New  York  meeting  of  the  Institute. 

Through  the  courtesy  of  the  Forest  Service  copies  of  the  report  of  the 
Secretary  of  Agriculture  on  Southern  Appalachian  and  White  Mountain 
Watersheds  were  sent  to  all  members  of  the  Institute. 

In  accordance  with  its  instructions  the  committee  transmitted  to  the 
members  of  congress  the  resolutions  on  forest  preservation  adopted  by 
the  Board  of  Directors,  and  the  Institute  was  represented  at  the  con- 
gressional hearing  on  the  Appalachian  Forest  Bill  by  Messrs.  Schoen  and 
Waddell,  who  have  already  presented  their  report.  That  many  members 
of  congress  do  not  appreciate  the  importance  of  the  protection  of  water 
powers  has  been  conclusively  demonstrated  during  the  present  session, 
and  this  committee  feels  that  the  Institute  as  an  organization  as  well 
as  the  individual  members  should  exert  all  legitimate  influence  to  further 
legislation  tending  to  protect  the  head- waters  of  streams  on  which  impor- 
tant water  powers  are  located.  It  is  only  by  the  active  efforts  of 
every  one  interested  that  any  results  can  be  accomplished. 

International  Electrotcchnical  Commission, — No  meeting  either  of  the 
International  Electrotcchnical  Commission  or  of  the  United  States  sub- 
committee has  been  held  during  the  year.  A  meeting  of  the  International 
Electrotcchnical  Commission  is  contemplated  for  next  fall,  in  London. 

Various  communications  have  been  received  from  the  acting  secre- 
tary of  the  International  Commission,  and  replies  have  been  forwarded. 
In  particular,  a  glossary  of  terms,  A-G,  prepared  by  the  British  special 
committee  on  nomenclature,  was  received  in  February,  for  consideration. 
It  was  transmitted  to  the  Standards  Committee,  and  received  the  con- 
sideration of  that  committee  in  March.  The  opinion  and  suggestions 
of  the  Standards  Committee  were  communicated  to  the  acting  secretary 
of  the  Commission  in  London,  under  date  of  March  19,  1908. 

Code  of  Ethics  Committee. — A  reprint  of  the  proposed  Code  was  mailed 
to  all  members  in  September,  1907,  with  a  request  for  suggestions  and 
criticisms,  and  a  large  number  of  very  interesting  and  valuable  replies 
were  received. 

Two  meetings  of  the  committee  have  been  held  at  which  the  subject 
was  discussed,  but  definite  action  was  not  taken,  as  all  the  members 
were  not  present. 

Upon  invitation  of  the  Faculty  of  Science  of  Columbia  University,  the 
chairman  made  an  address  upon  the  subject  before  the  graduating  class. 

Edison  Medal  Committee. — Competition  for  the  Edison  Medal  under 
the  terms  of  the  original  '*  Deed  of  Gift  Creating  the  Edison  Medal  " 
having  been  demonstrated  a  practical  failure,  a  new  and  substitute 
deed  of  gift  has  been  executed. 

By  the  terms  of  the  new  deed,  the  Edison  Medal  is  no  longer  open  to 
competition,  but  is  to  be  awarded  for  **  Meritorious  Achievement  in 
Electrical  Science,  or  Electrical  Engineering,  or  the  Electrical  Arts." 
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The  next  important  work  before  the  committee  is  to  formulate  new 
By-laws  to  govern  its  proceedings  in  consonance  with  the  new  deed. 

Increase  of  Membership  Committee. — This  committee  has  been  continu- 
ously active  in  bringing  the  advantages  of  Institute  membership  to  the 
attention  of  desirable  candidates.  The  number  of  applications  for  ad- 
mission to  the  Institute  as  Associates  received  from  October  1,  1907, 
at  which  time  the  present  committee  began  its  work,  to  April  30,  1908, 
is  874.  No  doubt  a  considerable  number  in  addition  will  be  received 
during  the  next  few  months,  as  a  result  of  letters  and  printed  matter 
already  forwarded  to  prospective  applicants  whose  names  have  been 
suggested  to  the  committee. 

Membership. — The  present  total  membership  and  the  increase  during 
the  past  year  are  indicated  below: 


Hon. 
Mem. 

Mem. 

Asso. 

Total 

Membership  April  30,  1907 

2 

536 

3,983 

4,521 

Additions: 

New  associates. 

43 

1 
3 
2 

1.361 

21 

54 

126 

43 

Transferred 

1 

Deductions: 

Died 

Rffsign^d 

Dropped 

Transferred 

Membership  April  30,  1908 

1 

673 

5.100 

5  674 

Net  increase  in  membership  during  the  year 1,153 

Resignations. — The  following  Members  and  Associates  have  resigned 
during  the  year  in  good  standing: 

Members. — C.  Batchelor,  D.  H.  Fitch,  George  A.  Redman. 

Associates. — P.  L.  Anderson,  C.  A.  Babtiste,  C.  D.  Bailey,  T.  P.  Bailey, 
F.  P.  Beach,  T.  W.  Blake,  J.  H.  Brown,  J.  S.  Butler,  P.  G.  Chace,  E.  H. 
Clarke,  F.  E,  d'Humy,  R.  N.  Dickinson,  T.  E.  Doubt,  G.  F.  Durant. 
J.  M.  Eglin,  A.  S.  Fairbanks,  T.  Z.  Franklin,  C.  Furgueson,  W.  H.  Gallaher. 
L.  T.  Girdler,  Louis  Glass,  H.  C.  Goldrick,  Heatley  Green.  E.  C.  Hall, 
L.  I.  Hall,  N.  H.  Heft.  C.  M.  Heminway.  Ho  Hidetaro,  J.  S.  Hill,  Robert 
Hiltbrand,  E.  Hockett.  A.  C.  King,  A.  H.  Lidderdale,  A.  Marston,  H.  H. 
B.  Meyer,  S.  A.  Moss,  L.  C.  F.  Nautre,  J.  S.  Neave,  E.  J.  O'Beims,  A.  G. 
Palgrave,  C.  C.  Parks,  H.  A.  Pharo,  A.  Pratt,  L.  W.  Pratt,  W.  T.  Ritchie, 
Bernard  Rowntree,  A.  Hugh  Scott,  Oliver  Shiras,  J.  F.  Skirrow,  B.  K. 
Sweeney,  H.  P.  Tewksbury,  J.  C.  Walter.  A.  J.  Wood,  F.  V.  Young. 

Total  resignations,  57. 

Deaths. — The  following  deaths  have  occurred  during  the  year: 

Honorary  Members. — Lord  Kelvin. 

Members. — C.  K.  Steams. 

Associates.— F.  C.  Barr,  U.  S.  Bell,  T.  V.  Bolan.  E.  B.  Brisley,  E.  Daniel 
son,  L.  J.  Deremo,  C.  D.  HowelU  W.  A.  Kreidler,  L.  J.  Magee,  C.  P. 
Matthews,  L.  K.  Perot,  W.  J.  Phelps,  H.  L.  Price,  O.  R.  Roberson.  Paul 
Robinson,  J.  M.  Simpson.  J.  J.  Skidmore,  L.  W.  Snowden,  F.  P.  Spiesc, 
D   B.  Watson,  Charles  Williams,  Jr. 

Total  deaths,  23. 

DeUnquent, — Dropped  as  delinquent  during  the  year,  128. 
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The  average  receipts  and  disbursements  per  capita  for  the  past  seven 
years,  are  shown  in  the  following  table: 

RECEIPTS  AND  DISBURSEMENTS  PER  YEAR  PER  MEMBER. 

During  each  fiacml  year  for  the  past  seven  years. 

Year 1902      1903      1904      1905      I90«  1907  1900 

Membership.  April  30th,  each  year. .. .    1549     2230     3027     3460  3870  4521  5674 

RECEIPTS  PER  MEMBER: 

Entrance  Pees $1.16     $1.50     $1.65     $0.83  00.75  10.00  $1.21 

Dues 10.06      0.01       0.33       0.30  0.47  8.05  0.36 

Transactions.  Sales.  Advertising 1.54       1.70       2.11       1.70  2.15  1.81  1.83 

Badges 26         .35         .30         .28  .27  .30  .43 

Interest 24        .21         .18         .21  .13  .25  .18 

$13.26  $12.05  $13.66  $12.32  $12.77  $12.21  $13.01 

DISBURSEMENTS  PER  MEMBER: 

Transactions $3.50     $4.67     $3.43     $3.77  $3.33  $2.83  $3.51 

Salaries 2.78       2.40      2.50       2.20  2.64  2.53  2.55 

Meeting  Expenses,  tiicl.  Sections.....     1.13         .87       l.IG         .82  .68  .68  .01 

Housing 94         .65         .70         .75  .68  1.33  1.15 

Library,  ind.  Salaries 1.85       1.38       1.30         .81  .60  1.37  .51 

Postage 51         .60         .66         .66  .58  .50  .65 

SUtioaenr  and  MisoeL  Printing 53         .06       1.01         .70  .78  .85  .80 

C>cneral  Expenses 50         .52         .45         .54  .20  .43  .62 

Badges 10        .27         .35         .25  .22  .20  .40 

Express 15         .15         .28         .22  .23  .28  .14 

Advertising .36  .30  .35 

Office  Fittugs .14  .14 

Total $12.17  $12.65  $12.02  $10.72  $10.48  $11.62  $11.73 

Credit  Balance  per  Member $1 .00    $0.30     $1 .64    $1 .60  $2.20  $0.50  $1 .28 


LAND.  BUILDING  AND  ENDOWMENT  FUND. 


Rxcsim. 
Before    appointment    of    Com- 
mittee   $    6. 100.00 

CoUected  by  Committee 135.600.50 

Interest  on  balances 4.008.40 


ToUl $146,707.90 


DiSBURSBMBNTS. 

Paid  United  Engineering  So- 
ciety, acct.  of  contract $    8,000.00 

Paid  United  Engineering  So- 
ciety, acct.  of  mortgage 00.000.00 

Paid  United  Engineering  So- 
ciety, acct.  of  interest 16.280.45 

Expenses  of  Committee 6.146.10 

Paid  for  Furniture  and  Fittings, 

Engineers  Building 3.024.04 

Balance  in  bank.  May  1.  1008. .     13.848.31 

Total $146,707.00 


Gbnbral  Financial  Statbmbnt. 

New  York,  May  13,  1908. 
Mr.  H.  G.  Stott, 

President  American  Institute  of  Electrical  Engineer s^ 
No.  33  West  39th  Street,  New  York  City. 

Dear  Sir:  The  Finance  Committee  has  during  the  past  year  conformed 
to  the  provisions  of  the  Constitution  and  By-laws  describing  the  duties 
of  the  committee.  It  respectfully  submits  herewith  the  report  of  the 
chartered  accountants,  Messrs.  Peirce,  Gimson  &  Company,  who  hav^ 
audited  the  books  of  the  Institute  for  the  year. 

The  committee  has  personally  examined  the  securities  held  by  the 
Institute,  and  found  them  to  be  as  stated  in  the  balance  sheet. 

In  accordance  with  instructions  from  the  Board,  your  committee  has 
invested  a  part  of  the  Institute's  surplus  funds  in  high  grade  securities 
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and  m  view  of  the  prosperous  condition  of  the  Institute,  believes  that 
additional  security  and  increased  income  can  be  had  by  continuing  to 
follow  this  policy  of  investing  surplus  funds  not  required  for  immediate 
use,  in  high-grade  bonds. 

Respectfully  submitted, 

Calvert  Townlby, 

Chairman  Finance  Committee. 

New  York.  May  14,  1908. 
Mr.  Calvert  Townley, 

Chairman  Committee  on  Finance. 

Str:  In  accordance  with  your  instructions,  we  have  audited  the  books 
and  accounts  of  the  American  Institute  of  Electrical  Engineers  for  the 
year  ended  April  30,  1908. 

The  results  of  this  examination  are  presented  in  four  exhibits,  attached 
hereto,  as  follows: 

Exhibit  A.     Balance  sheet,  April  30,  1908. 

Exhibit  B.  Receipts  and  disbursements  for  general  purposes  for  year 
ended  April  30,  1908. 

Exhibit  C.  Receipts  and  donations  for  designated  purposes,  also  ex- 
penditures on  same  for  year  ended  April  30,  1908. 

Exhibit  D.     Condensed  cash  statement. 

We  beg  to  present  attached  hereto  cur  certificate  to  the  aforesaid 
exhibits. 

Yours  very  truly, 

Pbircb,  Gimson  &  Co., 

Certified  Public  Accountants. 

New  York,  May  14,  1908. 
Mr.  Calvert  Townlby, 

Chairman  Committee  on  Finance. 
Dear  Sir:  Having  fiudited  the  books  and  accounts  of  the  American 
Institute  of  Electrical  Engineers  for  the  year  ended  April  30,  1908,  we 
hereby  certify  that  the  accompanying  Balance  Sheet  is  a  true  exhibit 
of  its  financial  condition  as  of  April  30,  1908,  and  that  the  accompanying 
statements  of  Cash  Receipts  and  Disbursements  are  correct. 

Pbircb.  Gimson  &  Co., 

Certified  Public  Accountants, 
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AMERICAN  INSTITUTE  OF 
Balance  Shbbt 


Exhibit  A. 

ASSBTS. 

Cash: 

Land,  Building  and 

Endowment  fund    $13,348.31 

Carnegie     (Library) 

^fund 3,168.19 

General         Library 

^fund 244.15 

Compounded    Mem-* 

bersiap  fund 6.600.00 

^Mailloux  fund 1.017.35 

International  Elec- 
trical Congress  of 
St.  Louis,  1904. 
Library  fund 2.253.34 

tGeneral     cash     in 

bank 12,225.71 

Secretary's    petty 

cash  on  hand 500.00 


United  States  Gov- 
ernment Bonds  38, 

_  1918 8,000.00 

Premium  on  Bonds.  320.00 

New  York  City  4*% 

Gold  Bonds,  1967     12,000.00 
Premium  on  Bonds.  677.50 


Eouity  in   Societies 

Building  (25  to  33 

West  39th  Street)  353,346.61 
One-third     cost     of 

land     (25    to    33 

West  39th  Street)  180.000.00 

Library  volumes  and 

fixtures 25.375.88 

Transactions 4,654.75 

Office  furniture  and 

fixtures 6.215.04 

Works  of  art.  paint- 
ings, etc 2.300.00 

Badges 576.35 


$25,631.34 


12.726.71 


8,320.00 


12,677.60 


633,346.61 


Accounts  Rbcbxvablb: 
Members    for    past 

,  dues 11,365.75 

Members   for   en- 
trance fees 425.(Xl 


38.122.02 


Miscellaneous. . 
Subscriptions. . . 
For  advertising. 


289.64 

26.98 

2,007.26 


11,790.75 


2,323.77 


Total  Assets $644,937.70 

•The  Farmers'  Loan  and  Trust  Co.  de- 
posit account  includes  $17.35  of  the  Mail- 
loux  Fund. 

\  $75.00  of  the  Weaver  donation. 


ELECTRICAL  ENGINEERS. 
April  30,  1908, 

„  LlABlLITIBS  AND  SURPLUS. 

Funds: 

Land,  Building  and 

BndowmentFund  $13,348.31 
Carnegie     (Library) 

,,  Fund 3,168.19 

General         Library 

^,  Pund 244.15 

Compounded    Mem- 

bership  Fund ....       6.600.00 

Mailloux  Fund 1,017.36 

l.itemational     Elec- 
trical Congress  of 

St.    Louis.     1904, 

Library  Fund: 

Principal 2.146.12 

Unexpended     In- 
come   107.22 

$25,631,34 

Reserve  fund  (U.  S. 

IT  9??-  S^*^-  •  •  •  8.320.00 

United    Engineering 

Society    (for   cost 

of  Iwid) 81,000.00 

Total  UabiUtiea  $114,951.34 

Surplus: 

In  cash $12,243.06 

New     York     City 

^  bonds 12,677.60 

In  property  and  ac- 
coun to  receivable.  606.065.80 

629,986,36 


Total    liabilities    and    sur- 
plus  $644,937.70 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 

Receipts    and    Disbursements    for   General   Purposes    for    Year 

Ended  April  30,  1908. 

Exhibit  B. 

Receipts. 

Bn trance  Fees $0,866.00 

Current  Dues 4.>,U3tt.73 

Past  Dues 4.088.75 

Advance  Dues 1 82.50 

Siudenis'  Dues 3.323.00 

Transfer  Pees 460.00' 

Badges 2,442.00 


Sales.  Transaciions.  etc.  1.240.77 
Subscriptions.  Proceed- 
ings   1.085.90 

Advertising 7.782.87 

Binding 71.00 

Exchange 20.65 

Intbrbst: 

U.  S.  Govt.  Bonds.  240.00 

Bank  Balances 770.30 


-$62,397.08 


Royalty 154.40 


11.365.80 


Total $73,763.87 


DiSBURSBMBNTS. 

Stationery  and  Printing$4.550.27 

Postage 3.713.93 

General  Expenses 2.460.69 

Meetkig  Expenses 2.436.60 

Section  Meetings 2,749.82 

badges 2,247.39 

Salaries 12.086.00 

Dedication 1,064.71 

Office  Furniture 783.12 


Pkucbbdings — Transactions: 

Printing 13.324.23 

Salary 2,392.00 

Engraving 830.96 

Volumes 4,202.70 

Electrotyping 1.008.66 

binding 512.60 

Express 793.89 

Advertising     Com- 

1.959.02 


-132.101.53 


I.iBRARr: 

Furniture 290.80 

Librarians  salaries  1 ,3 1 4.00 

Books  and  binding  425.49 

Library  insurance.  60.90 

Moving  expenses.  .  643.83 

Miscellaneous 165.96 


25.024.06 


2.900.98 
t'nited  Engineering  Society  As- 
sessments       6,533.33 

Total $66,559.90 

Excess    receipts    over    disburse- 
ments deposited  in  general  fund    7.203.97 

$73,763.87 


AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 

Receipts  and  Donations  for  Designated  Purposes,  also  Expendi- 
tures FOR  Year  Ended  April  30    1908. 
Exhibit  C. 

Rbcbipts. 

Land.  Building  and  Endowment  fund.  Donations.  Interest,  etc $14,335.85 

Carnegie  (^Library)  Fund,  Interest 1U7.43 

General  Library  Fxind,  Interest 7.15 

Compounded  Membership  Fund 794.79 

International  Electrical  Congress  of  St.  Louis,  19U4.  Library  Fund,  on 

account  of  Principal 48.66 

International  Electrical  Congress  of  St.  Louis.  1904.  Library  Fund,  on 

account  of  Interest , ^ 64.68 

Mailloux  Fund,  Interest 30.00 

Weaver  Donation 100.00 

Total $15,488.46 

Excess  of  Expenditures  over  Receipts  (as  below) 82.819.32 


$98,307.78 


Expenditures. 


Land.  Building  and  Endowment  Fund,  on  account  of  Mortgage $90,000.00 

Land.  Building  and  Endowment  Fund,  on  account  of  Interest  and  Ex- 
pense   7.133.61 

Carnegie  (Librar>')  Fund 468.84 

Compounded  Membership  Fxind 660.13 

Mailloux  Fund 20.20 

Weaver  Donation 25.00 

Total  Expenditures $98,307.78 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 

CONDBNSBD  CaSH   StaTBMBNT. 

Exhibit  D. 

Cash  on  deposit  April  30th.  1907 $126,140.90 

Secretary's  petty  cash.  April  90th,  1907 500.00 

$126,649.90 

Receipte  for  general  purposes.  Exhibit  "  B  " 73.763.87 

Receipts  for  designated  purposes.  Exhibit  "  C  " 15.488.46 

$215,902.23 

Disbursements  for  general  purposes.  Exhibit  "  B  " $66,559.90 

Expenditures  for  designated  purposes.  Exhibit  "  C  " 98.307.78 

Expended  for  New  York  City  4*%  Bonds 12.677.50 

$l77.54'i.l8 

Balance  on  hand.  Aprfl  30th.  1908 $38,357.05 

On  deposit  for  designated  purposes.  Exhibit  "  A  " $25,613.99 

On  deposit  for  general  purposes.  Exhibit  "  A  " 12.243.06 

SecpeUry's  petty  cash.  Exhibit  "  A  " 500.00 

$38,357.05 

PROPERTY  ACQUIRED  DURING  THE  YEAR. 

Office  Pumitura  and  Fixtures $783.12 

Library  Books  and  Binding 855.34 

All  outstanding  bills  due  prior  to  May   1,    1908,    have    been  paid. 
Respectfully  submitted  for  the  Board  of  Directors. 

RALPH  W.  POPE.  Secretary. 
New  York,  May  19.  1908. 
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REPORT  OF  THE  LIBRARY  COMMITTEE. 

We  beg  to  submit  herewith  our  report  giving  the  more  important 
features  of  the  growth  and  operation  of  the  Ubrary  for  the  year  ending 
April  30,  1908;  with  a  statement  of  the  present  condition  of  the  several 
library  funds  and  of  the  expenditures  for  the  year. 

The  gifts  to  the  Library  through  its  members  and  others  have  num- 
bered nearly  300  volumes  together  with  a  very  large  number  of  pamphlets 
as  yet  unlisted  and  not  included  in  the  statistics  presented  herewith. 
The  total  valuation  of  the  books  and  pamphlets  is  now  placed  at  $23,406.55 
an  increase  of  $855.34  for  the  year.  The  complete  list  of  donors  with 
the  number  of  volumes  presented  by  each  is  as  follows: 

Donors 

adams,  edward  d 11 

american  institute  op  electrical  engineers. 10 

andrews,  w.  s 4 

AUDEL    ft    CO.,    THEO 

BOSTON    TRANSIT    COMMISSION 

BOUCHER,    W.J... 

BUREAU    OF    LABOR,    CONNECTICUT 

CAMP,    W.    M 

CHEMICAL  PUBLISHING    COMPANY 

CLAYTON    ft    CRAIG 

CROSSMAN,    T.    E 

CUSHING,    H.    C,    JR 

DEPARTMENT    OF    THE    INTERIOR 

DOREMUS,    DR.    CHAS.    A 

DRAKE    ft    CO.,    FREDERICK 

ELECTRICIAN  PRINTING  AND  PUBLISHING  COMPANY,   LONDON... 

ENGINEERING    NEWS    PUBLISHING    COMPANY 

FLOY,    HENRY 

FOWLER,    W.    H 

FRANKLIN,    PROF.    W.    S 

OAUTHIER-VILLARS 

GENERAL    ELECTRIC    CO 

HAMMOND,    R 

HENLEY    PUBLISHING    COMPANY,    N.    W 

HERING,    CARL 

HOBART    ft    ELLIS 

JBKKS,    W.    J 
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KANSAS  GAS,  WATER,  ELECTRIC  LIGHT  ft  STREET  RAILWAY  ASSO  . 

LIBRARY    OP    CONGRESS 

LINDSAY,    C.    E 

LOCKWOOD,    THOMAS    D 

MCGRAW    PUBLISHING    COMPANY 39 

MACMILLAN    COMPANY,    THE 

MAILLOUX,    CO 1 

MARTIN,    T.    C 

MORTON,    DR.    WM.    J 

MUNICIPAL  OWNERSHIP  PUBLISHING  BUREAU 4 

NATIONAL  CIVIC  FEDERATION 3 

NEW  YORK  EDISON  COMPANY 2 

OHIO  ELECTRIC  LIGHT  ASSOCIATION 2 

POOLE,  CECIL  P 2 

PUBLIC  SERVICE  COMMISSION   FOR  THE   FIRST  DISTRICT 23 

RAILROAD  GAZETTE 2 

SCIENTIFIC  PUBLISHING  COMPANY IJ 

SCRIBNER's  sons,  CHARLES 1 

SHELDON,  DR.  SAMUEL ".  .  .  .  1 

SPON  AND  CHAMBERLAIN 5 

U.    S.    NAVAL   INTELLIGENCE    OFFICE 6 

UNIVERSITY    OF    ILLINOIS 1 

VAIL,   J.    H 6 

VAN    NOSTRAND,    D.,    ft    CO 2 

WOLCOTT,    TOWNSEND 1 

WEAVER,    W.    D 06 

WESTERN    UNION    TELEGRAPH    COMPANY 1 

WESTINGHOUSE    ELECTRIC    AND  MANUFACTURING    COMPANY 3 

WIIITTAKER    ft    CO 4 

WILEY    ft    SONS,    JOHN 6 

WYNKOOP,    H.    S 1 


The  general  statistics  of  the  Library  and  its  valuation  are  shown  in 
the  following  tabulation: 


STATISTICS  OP  LIBRARY,  MAY  1.  1908 


Source 

Report  of  May  1.  1007 

PxnicHASBs: 

Mailloux  Fund 

Institute  Appropriation. . . . 

Weaver  Fund 

Periodicals 

Gifts: 

Bdwaxd  D.  Adams 

From  all  other  sources 

Totals  including  duplicates 

Duplicatefi 


Vol.- 

Pam. 

Titles 

umes 

phlets 

Valuation 

7649 

11186 

505 

$22,551.21 

4 

11 

20.20 

82 

84 

210.14 

3 

47 

25.00 

160 

253 

506.00 

3 

11 

39.00 

75 

236 

55.00 

7976 

11828 

666 

$23,406.55 

308 

600 

824.74 
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In  the  following  table  are  given  the  figures  for  the  total  valuation  of 
the  library  property  including  $290.80  expended  for  new  stacks  durii^ 
the  past  year: 

Total  Valuation 

Booka $23,406^ 

Stacks 1.761X)5 

Furniture.  CAt«k>gues.  Cases,  etc 208.28 


$25,375.88 


The  following  tabulations  give  the  state  of  the  five  funds  from  which 
the  Library  Committee  is  entitled  to  draw: 

Donations  (Gbnbkal  Library  Fund) 
Dr.  Cr. 

Balance  May  1,  ig07 $237.00 

Interest  May  1,  1908 7. 16       Unexpended 244. 15 


$244.15  $244.15 


Carnbgib  Fund 
Dr.  Cr. 

Balance  May  1.  1907 3529.60       Wheeler  Bibliography 468.84 

Interest  May  1,  1008 107.43       Unexpended 3168.19 


$3637.03  $3637.03 


Mailloux  Endowmbnt  Fund  ($1000) 

(Proceeds  for  the  maintenance  of  certain  sets  of  periodical  publications) 

Dr.  Cr. 

Balance  May  1.  1907 $  7.55       Subscriptions 20.20 

Interest  May  1.  1908 30.00       Unexpended 17.35 


$37.55  $37.55 


Intbrnational  Electrical  Congrbss  of  St.  Loris.  1904,  Fund 
(Principal) 

Principal  May  1.  1907 $2097.56 

Additions  to  Fund 48.56 


$2146.12 

(Proceeds) 
(Available  Jot  the  purchase  of  International  Electrical  Literature) 
Dr.  Cr. 

Interest   accrued    prior   to    May    1, 

1907 42.54 

Interest  to  May  1,1908 64.68 


$107.22       Unexpended $107.9 


Wbavbr  Fund 
(For  early  and  out  of  print  electrical  literature) 
Dr.  Cr. 

Amovint  of  Fund $100.00       Expended $  26.00 

Unexpended 75.00 

$100.00 
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Institute  Appropriation  Account 
Dr.  Cr. 

Appropriation  for  Maintenance  for  Instiranoe $    60.90 

Year  ending  October  31.  1907.  .13500.00       Salary.  Librarian.  .    Kow  nn 

-        Aanstant ^-1314.00 

Binding 216.33 

Supplies 41 .62 

Subscriptions 40 .74 

Express  and  Postage 6.90 

Books 210.14 

Fixtures 290.80 

Miscellaneous 76.70 

Moving 643.88 

Unexpended 599.02 

$3500.00 


The  above  table  shows  total  expenditures  of  $2900.98  out  of  the  entire 
appropriation  of  $3500.00.  The  salary  account  is  increased  nearly  $500 
by  reason  of  the  additional  attendance  made  necessary  by  keeping  the 


Whttbr  GottttUm 

Not  Wht^CaecUm^ 
FanpUti 


Hnf  Book  PUh  «M  Dbim's  Mmm.. 


Old  Book  PUio  Oi^ 
No  Book  Plaits 


k  Doiwt  to  bo  huttM> 
JBf  m;«Ao? 

A  Book  CoUhgmtdl . 


Library  open  evenings  until  nine  o'clock.  The  binding  of  many  volumes 
of  periodicals  left  over  from  previous  years  in  an  unbound  form  has  in- 
creased this  it3m  of  expense  from  $135.00  to  $215.00,     "Fixtures,"  which 


Digitized  by  VjOOQIC 


1758  REPORT  OF  LIBRARY  COMMITTEE 

cost  $290  this  year  against  $73  last  year,  include  new  book  stacks  and 
shelving.  It  should  also  be  pointed  out  that  the  entire  expense  of  moving 
the  Library  from  Liberty  Street  to  the  new  Engineers'  Building,  $643.83, 
is  included  in  the  disbursements  for  this  year. 

General  Inventory  and  Inspection 
It  has  been  found  necessary  to  make  a  complete  inventory  and  inspec- 
tion of  the  books  and  pamphlets  on  the  shelves,  preparatory  to  making 
a  complete  subject  catalogue  which  will  include  all  of  the  material 
possessed  by  the  library.  This  work  has  progressed  continuously  for 
several  months  by  a  personal  examination  of  each  book  and  pamphlet, 
a  permanent  record  being  made  on  cards  to  show  the  exact  condition  of 
each  item  with  relation  to  the  library  records.  The  card  reproduced 
herewith  shows  the  character  of  the  information  obtained  by  this  in- 
ventory. 

When  this  work  is  completed  the  library  will  not  only  be  in  excellent 
and  most  satisfactory  and  well  arranged  condition  as  regards  many  of 
the  minor  details  that  have  not  heretofore  had  proper  care,  but  will  also 
be  well  prepared  for  the  larger  and  more  important  undertaking  of  pro- 
ducing the  card  catalogue  which  shall  include  all  of  the  electrical  literature 
now  on  the  library  shelves.  The  production  of  an  exhaustive  catalogue 
of  this  nature  is  now  under  consideration  and  it  is  planned  to  include  in 
this  catalogue  a  detailed  index  to  several  important  sets  of  electrical 
periodicals  and  collections  of  electrical  literature  among  which  may  be 
mentioned  the  Transactions  and  Proceedings  of  the  American  In- 
stitute of  Electrical  Engineers,  the  Journal  of  the  Institution  of  Electrical 
Engineers,  London,  and  the  Transactions  of  the  International  Electrical 
Congress  of  St.  Louis.  1904. 

Important  Gipts 
Among  the  gifts  deserving  of  special  commendation  may  be  mentioned 
a  fund  of  $100  given  by  Mr.  W.  D.  Weaver  to  be  applied  to  the  purchase 
of  early  and  out  of  print  electrical  books.  Mr.  Carl  Hering,  a  former 
president  of  the  Institute,  has  offered  to  present  to  the  Library  a  collec- 
tion of  books  relating  to  meetings  of  various  International  Electrical 
Congresses  with  which  he  has  at  various  times  been  associated.  The 
committee  has  accepted  this  gift,  but  the  books  have  not  yet  been  turned 
over  to  the  library.  The  >few  York  State  Public  Service  Commission 
for  the  First  District  has  very  kindly  presented  to  the  Library  an  almost 
complete  set  of  the  reports  and  records  of  the  Commission  and  its  pre- 
decessor, the  Rapid  Transit  Commission  of  the  City  of  New  Yprk.  These 
records  include  many  drawings  and  plans  relating  to  the  construction 
of  the  New  York  City  subways.  Mr.  Edward  D.  Adams  has  again  met 
the  expenses  for  the  subscription  and  binding  of  the  Proceedings  and 
Transactions  of  the  Royal  Society  of  London,  and  for  the  additional 
volumes  of  the  International  Catalogue  of  Scientific  Literature.  He  has 
also  kindly  consented  to  bear  the  expenses  of  binding  the  entire  set  of 
yoltunes  of  this  important  set  of  scientific  records.  The  proceeds  of  the 
fund  presented  by  Mr.  C.  O.  Mailloux  have  again  been  drawn  upon  to 
furnish  the  yearly  continuation  of  four  important  periodical  sets  originally 
presented  by  Mr.   Mailloux  to  the  Library.     Mr.  W.  S.  Andrews  has 
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set  a  worthy  example  to  other  members  of  the  Institute  by  presenting  four 
items  of  very  great  historical  interest  including  an  original  manuscript 
written  by  Mr.  Thomas  A.  Edison  in  1883,  and  an  original  note  book 
compiled  by  Mr.  Andrews  from  1881  to  1885  while  engaged  in  designing 
and  installing  Edison  lighting  plants.  Mr.  J.  H.  Vail  has  also  presented 
several  important  books  and  pamphlets  of  historical  interest  chiefly 
relating  to  the  early  days  of  electric  lighting  in  the  United  States. 

Completion  op  Sets 
The  Library  has  been  very  fortunate  in  being  able  to  complete  several 
important  sets  which  heretofore  it  possessed  in  very  incomplete  form; 
among  these  may  be  mentioned: 

American  Street  Raflway  Investments;  Vols.  1  to  14. 

Boston  Transit  Commission;  Annual  Reports,  Vols.  1  to  13. 

New  York  Public  Service  Commission  for  the  First  District;  complete  set  of  reports. 

American  Bell  Telephone  Company  and  American  Telephone  and  Telegraph  Com- 
pany; a  complete  set  of  annual  reports,  1881  to  1907. 

Western  Union  Telegraph  Company;  a  complete  set  of  annual  reports,  1874  to  1907. 

General  Electric  Company;  a  complete  set  of  annual  reports,  1893  to  1908. 

New  York  Edison  Company  and  its  predecessors;  a  complete  set  of  annual  reports. 

New  York  State  Railroad  Commission's  Reports;  a  complete  set  from  1883  to  1904. 

American  Street  Railway  Directory  and  its  successors.  This  set  has  been  made 
practically  complete. 

American  Electrical  Directory  and  its  successors  to  date.  This  set  has  also  been 
made  practically  complete. 

Early  Periodicals 

Mention  should  also  be  made  of  a  long  list  of  early  electrical  periodicals 

recently  purchased  at  a  small  cost.     Nearly  all  of  these  periodicals  were 

transient  in  their  nature  but  all  are  of  great  value  to  the  Library  from 

their  historical  importance.     A  complete  list  of  the  titles  is  here  given: 

Telegraphers'  Advocate.  New  York. 
Electrical  and  Street  Railway  Reporter 
Electrical  Doings,  New  York. 
Electric  Telegran^  and  Railway  Review,  London. 
Boston  Telegram. 
Electrical  Bra.  St.  Louis. 
Electrical  Magazine,  Washington. 
The  Wire,  New  York. 
Popular  Electric  Monthly,  Chicago. 
Phonogram,  New  York. 
Electrical  Literature.  Chicago. 
Whipple's  Electric  Reports,  Detroit. 
Elektron,  Boston. 
Electricity,  Cincinnati. 

Electrical  Industries  Directory  of  Central  Stations,  etc.,  Chicago. 
Directory  of  Electric.  Cable  and  Horse  Railways  in  the  U.S.  and  Canada,  New  York. 
Electrical  Progress  and  Development,  Boston. 
Electrical  Worker. 
Street  Railway  News.  New  York. 

Street  Railway  and  Electrical  News,  St.  Paul  and  Minneapolis. 
Electrical  News,  Boston. 
Electric  Railway  Advertiser,  Boston. 
Electricity  and  Railroading,  Boston. 
The  Telephone,  Chicago. 
Electrical  Northwest. 
Electrical  Items,  New  York. 

Miscellaneous  Bulletins  of  Electrical  Worid,  issued  at  the  National  Electric  Light 
Aitodation  meetfaigt 
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A  small  collection  of  books  has  recently  been  purchased  from  the  li- 
brary of  Mr.  J.  B.  Steams,  one  of  the  early  inventors  of  telegraph  appar- 
atus. Prom  this  source  a  number  of  important  items  have  been  obtained 
not  already  in  the  library's  collections. 

Exchanges 
An  effort  has  been  made  to  increase  the  facilities  of  the  Library  by 
adding  to  the  already  large  list  of  exchanges  received  from  all  parts  of 
the  world.  Working  in  harmony  with  the  other  two  Engineering  Societies 
whose  libraries  are  located  with  ours,  a  complete  list  of  exchanges  was 
made  up  numbering  in  all  561  titles.  This  long  list  of  engineering  peri- 
odicals has  already  been  added  to  by  the  solicitation  of  other  exchanges, 
and  it  is  hoped  at  an  early  date  to  make  the  resources  of  the  library  in 
this  particular  far  superior  to  those  of  any  other  engineering  collection 
in  the  United  States. 

Recbnt  Books 
An  attempt  has  also  been  made  during  the  past  year  to  increase  the 
facilities  of  our  library  by  the  addition  of  modem  and  recently  published 
electrical  books ;and  a  large  part  of  our  purchases,  aside  from  those  made 
to  complete  deficiencies  in  existing  sets  have  been  along  these  lines. 

Library  op  Congress  Cards 
In  the  cataloguing  of  recent  books  the  use  has  been  made  of  the  Library 
of  Congress  printed  cards.     These  are  obtained  from  the  Librarian  of 
Congress  at  a  nominal  cost  and  when  received  are  practically  ready  for 
use  in  the  card  catalogue.     A  sample  of  these  cards  is  herewith  given. 


Hntehinson,  RoUin  WiUiam,  jr.,  1880- 

Long-distance  electric  power  transmisaion,  being  a 
treatise  on  the  hydro-electric  generation  of  ener:^;  its 
•transformation,  transmission,  and  distribution,  by  KoUin 
W.  Hutchinson,  jr. . . .  New  York,  D.  Van  Nostrand  oom- 
pany,  1907. 

V,  345  p.    tllus.,  diagri.    20*". 

Bibliographies  at  end  of  most  of  the  cfaaptert. 


L 


1.  Electricity-'Distributton. 

7-10593 


o 


Library  of  Congress  Copyright 


Opening  op  the  Library  on  Week  Day  Evenings 
Through  the  joint  action  of  the  American  Institute  of  Mining  Engi- 
neers, the  American  Society  of  Mechanical  Engineers,  andthe  AmericLn 
Institute  of  Electrical  Engineers,  the  libraries  of  all  three  societies  were 
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opened  to  the  pubHe  every  evening  until  nine  o'clock,  except  Sundays  and 
legal  holidays,  beginmng  November  1,  1907.  This  has  necessitated  con- 
siderable additional  expense  for  attendance,  light,  heat,  elevator 
service,  etc.  The  total  attendance  both  day  and  evening  for  November, 
1907  to  April,  1908  is  shown  in  the  following  table,  (the  attendance  for 
November  not  being  divided)  : 

Day  Evening 

November  1907  (total) 570 

December,  1907 275  371 

January,  1903 52G  248 

February,  1938 439  241 

March.  19DS 417  203 

April,  1908 403  210 

Bibliography  op  Whbblbr  Collbction 
This  work  has  been  carried  on  this  year  under  the  direction  of  a  special 
committee  appointed  by  the  Board  of  Directors  so  that  no    report   by 
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